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With the increasing population, rapid urbanization, ecological environment deterioration, and
serious water pollution, the fresh water quality and quantity becomes crucial to human beings’
health and wellbeing in determining the health of individuals and whole communities.
Wastewater quality is a critical factor to the design and operation of the wastewater treatment plants
(WWTPs). Short-term and long-term shocks (e.g. organic compounds and heavy metals) in
wastewater disturb the stability of WWTPs. Real-time wastewater shock sensors are critical to
provide effective precaution strategies and minimize shock impacts. Microbial fuel cell sensors
have been developed for biological oxygen demand (BOD), chemical oxygen demand (COD),
organic substances, and toxins in wastewater. However, existing MFC sensors still utilize
traditional MFC configurations (e.g. tubular bioreactor, single chamber, and cube shape which
poses difficulties for real-time shock monitoring. These MFC sensors have the volume of 20–150
mL with inlets and outlets, which are the operational systems by themselves, and make it difficult
for direct installation on wastewater facilities. In addition, the voltage output of MFC sensors is
closely associated with open circuit potential (OCP) and inner resistance (Rin), and keeping stable
Rin is critical for reducing the possibility of fault signals of MFC sensors. But large volume
(normally 20–150 mL) of wastewater contained the existing MFC sensors may cause unstable Rin,
and increase the possibility of fault signals. Moreover, these MFC sensors need at least 1–2 weeks
to acclimate electrogenic bacteria, meaning that they must be inoculated long time before the

occurrence of shocks, which is unrealistic for monitoring unexpected wastewater shocks.
Therefore, one novel small-sized MFC with good sensitivity to the shocks should be developed.
The mm-scale flat microliter membrane-based microbial fuel cell (in Chapter 2) and paper-based
multi-anode microbial fuel cell (PMMFC) (in Chapter 3) exhibited short acclimation time (2-3
hour), good sensitivity to the shocks, and high mechanic strength by reducing the internal resistance
and improving the output voltage respectively.
MFCs have a good ability to provide effective precaution strategies and minimize shock impacts
for the wastewater. However, it is difficult for the MFCs to detect specific water quality parameters,
such as temperature, conductivity, DO, pH, Cl- etc. Especially, MFCs cannot be utilized as on-line
in-situ sensors to the drinking water, which would cause further contaminate to the water.
Therefore, there is an emerging need to develop low-cost easily-deployable and durable small-sized
water quality sensors with high sensitivity. Micro-scale glass pipette electrodes and micro-scale
electrical sensors fabricated by photolithography with chemical vapor deposition (termed as
PCVD) are main technologies to monitor water quality parameters. However, the fragile glass
pipette structure, time-consuming fabrication, and the need for bulky micromanipulator to position
micro-electrodes posed severe problems for field applications. And the PCVD technology possess
high fabrication cost, complicated fabrication process, strict fabrication condition, which is difficult
for direct deployment in water/wastewater systems. Novel micro-electrode array (MEA) fabricated
using inkjet printing technology (IPT) was developed as a water quality sensing technology in the
PhD research. By printing multiple mm-sized electrodes on a single flexible film, the MEA
possessed distinct advantages over traditional “single-point” probes: small sensor size, compact
structure, multiple-parameter measurement in a sampling, easy fabrication and deployment, longterm stability, and ultralow low cost (in Chapter 4).
Water quantity in the soil monitoring is another issue we consider in my PhD research. Limited
freshwater resources and deteriorating environmental quality have raised global awareness for

sustainable irrigation technology and spatially distributed drought monitoring. Soil moisture (water
quantity in the soil) can be ex-situ measured in labs, including removing a soil sample from the
field, drying it for 24 h in an oven at a temperature of 105°C and weighing it before and after drying.
However, this traditional measurement has major issues of soil sample disruption during sample
transport and storage, being a non-continuous measurement of soil moisture, and being nonrepresentative of genuine soil moisture in field condition. Remote sensing has also been used for
monitoring surface soil moisture. Remote sensing utilizes the coincident measurements of the
surface emission and backscatter to estimate the soil moisture. However, the detection depth has
been only limited to top soil (depth 5 cm) and the frequent and costly maintenance has been a severe
obstacle for accurate soil moisture monitoring along soil depth. A mm-sized flat SMS using gold
CD etching approach was developed in this Chapter (Chapter 5). MSMS possesses distinct
advantages including easy fabrication, mm-sized electrode for enhanced accuracy, durable antiscratch sensor surface for long-term monitoring and low cost (<$1/sensor).
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Chapter 1

1 Introduction

1.1 Background
With the increasing population, rapid urbanization, ecological environment deterioration, and
serious water pollution, the fresh water quality and quantity becomes crucial to human beings’
health and wellbeing in determining the health of individuals and whole communities.
Wastewater quality is a critical factor to the design and operation of the wastewater treatment plants
(WWTPs). Short-term and long-term shocks (e.g. organic compounds and heavy metals) in
wastewater disturb the stability of WWTPs. Real-time wastewater shock sensors are critical to
provide effective precaution strategies and minimize shock impacts. Microbial fuel cell sensors
have been developed for biological oxygen demand (BOD), chemical oxygen demand (COD),
organic substances, and toxins in wastewater. However, existing MFC sensors still utilize
traditional MFC configurations (e.g. tubular bioreactor, single chamber, and cube shape which
poses difficulties for real-time shock monitoring. These MFC sensors have the volume of 20–150
mL with inlets and outlets, which are the operational systems by themselves, and make it difficult
for direct installation on wastewater facilities. In addition, the voltage output of MFC sensors is
closely associated with open circuit potential (OCP) and inner resistance (Rin), and keeping stable
Rin is critical for reducing the possibility of fault signals of MFC sensors. But large volume
(normally 20–150 mL) of wastewater contained the existing MFC sensors may cause unstable Rin,
and increase the possibility of fault signals. Moreover, these MFC sensors need at least 1–2 weeks
1

to acclimate electrogenic bacteria, meaning that they must be inoculated long time before the
occurrence of shocks, which is unrealistic for monitoring unexpected wastewater shocks.
Therefore, one novel small-sized MFC with good sensitivity to the shocks should be developed.
The mm-scale flat microliter membrane-based microbial fuel cell (in Chapter 2) and paper-based
multi-anode microbial fuel cell (PMMFC) (in Chapter 3) exhibited short acclimation time (2-3
hour), good sensitivity to the shocks, and high mechanic strength by reducing the internal resistance
and improving the output voltage respectively.
MFCs have a good ability to provide effective precaution strategies and minimize shock impacts
for the wastewater. However, it is difficult for the MFCs to detect specific water quality parameters,
such as temperature, conductivity, DO, pH, Cl- etc. Especially, MFCs cannot be utilized as on-line
in-situ sensors to the drinking water, which would cause further contaminate to the water.
Therefore, there is an emerging need to develop low-cost easily-deployable and durable small-sized
water quality sensors with high sensitivity. Micro-scale glass pipette electrodes and micro-scale
electrical sensors fabricated by photolithography with chemical vapor deposition (termed as
PCVD) are main technologies to monitor water quality parameters. However, the fragile glass
pipette structure, time-consuming fabrication, and the need for bulky micromanipulator to position
micro-electrodes posed severe problems for field applications. And the PCVD technology possess
high fabrication cost, complicated fabrication process, strict fabrication condition, which is difficult
for direct deployment in water/wastewater systems. Novel micro-electrode array (MEA) fabricated
using inkjet printing technology (IPT) was developed as a water quality sensing technology in the
PhD research. By printing multiple mm-sized electrodes on a single flexible film, the MEA
possessed distinct advantages over traditional “single-point” probes: small sensor size, compact
structure, multiple-parameter measurement in a sampling, easy fabrication and deployment, longterm stability, and ultralow low cost (in Chapter 4).

2

Water quantity in the soil monitoring is another issue we consider in my PhD research. Limited
freshwater resources and deteriorating environmental quality have raised global awareness for
sustainable irrigation technology and spatially distributed drought monitoring. Soil moisture (water
quantity in the soil) can be ex-situ measured in labs, including removing a soil sample from the
field, drying it for 24 h in an oven at a temperature of 105°C and weighing it before and after drying.
However, this traditional measurement has major issues of soil sample disruption during sample
transport and storage, being a non-continuous measurement of soil moisture, and being nonrepresentative of genuine soil moisture in field condition. Remote sensing has also been used for
monitoring surface soil moisture. Remote sensing utilizes the coincident measurements of the
surface emission and backscatter to estimate the soil moisture. However, the detection depth has
been only limited to top soil (depth 5 cm) and the frequent and costly maintenance has been a severe
obstacle for accurate soil moisture monitoring along soil depth. A mm-sized flat SMS using gold
CD etching approach was developed (Chapter 5). MSMS possesses distinct advantages including
easy fabrication, mm-sized electrode for enhanced accuracy, durable anti-scratch sensor surface for
long-term monitoring and low cost (<$1/sensor).
Therefore, the main objective of my PhD research is to tackle the challenges of real-time in situ
water/wastewater monitoring systems by developing the flat microbial fuel cell (MFC) shock
sensor system, the durable, inexpensive micro-electrode array (MEA) sensor system and the flat
thin mm-sized soil moisture sensor (MSMS) (Fig. 1.1).

3

Figure 1.1. The relationships between my 5 Ph.D. projects

1.2 Major Contributions of the Ph.D. Research
To overcome the above difficulties, this dissertation develops four novel approaches as follows.
1. Flat microliter membrane-based microbial fuel cell as “on-line sticker sensor” for selfsupported in situ monitoring of wastewater shocks. Novel flat membrane-based microbial
fuel cell (MMFC) sensors were developed by compacting two filter membranes coated
with carbon ink. High micro-porosity and hydrophilicity of membranes offered the distinct
advantages of short acclimation period (couple hours), simple compact configuration with
microliter size, and high sensitivity and stability. MMFC sensors were examined at two
toxic shocks (chromium and nickel) in a batch-mode test chamber, and rapidly responded

4

to shock types and concentrations. The variation of voltage output was correlated with open
circuit potential (OCP). Filter membranes facilitated bacterial attachment and shortened
acclimation. The MMFC sensors showed good reusability and recovered several days after
toxic shocks. The robustness of MMFC sensors was validated through 1-month tests. The
stability of sensor signals was examined with coefficient of variance (CV) statistical
analysis. The flat microliter MMFC has a great potential as “on-line sticker sensor” for real
time in situ monitoring of wastewater quality.
2. Disposable self-sustained paper-based multi-anode microbial fuel cell integrated with
power management system as the real-time wastewater shock biosensor. A paper-based
multi-anode microbial fuel cell (PMMFC) integrated power management system (PMS)
was developed as a disposable self-sustained real-time wastewater shock sensor. PMMFCs
were examined at three toxic shocks (chromium, hypochlorite and acetate) in a batch-mode
chamber, and exhibited rapid responses to shock types and concentrations. The power
output of PMMFC sensor was four times as the MFCs with carbon cloth (CC) anode,
indicating the advantage of paper-based anode for bacterial adhesion. The power output of
PMMFCs was more sensitive than the voltage output under shocks, and thus preventing
the false signals. The simulation of power harvest using PMS indicated that PMMFC could
accomplish more frequent data transmission than single-anode MFCs (PSMFC) and CC
anode MFCs (CCMMFC), making the self-sustained wastewater monitor and data
transmission possible. Compared with traditional MFC sensors, PMMFCs integrated PMS
exhibit the distinct advantages of tight paper-packed structure, short acclimation period,
high power output, and high sensitivity to a wide range of shocks, posing a great potential
as “disposable self-sustained shock sensor” for real time in situ monitoring of wastewater
quality.
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3. Real-time in situ sensing of multiple water quality related parameters using microelectrode array (MEA) fabricated by inkjet-printing technology (IPT). Water and
wastewater treatment processes has been monitored using expensive yet inefficient “singlepoint” probes that can only measure single parameter at single point without obtaining a
complete picture of physicochemical or biochemical status. The study targeted at this
crucial challenge by developing novel micro-electrode array (MEA) sensors using ink-jet
printing technology (IPT). Multiple mm-sized electrodes were printed on a flexible film
for simultaneous monitoring of multiple parameters at high temporal and spatial resolution.
The calibration of four types of MEA sensors (temperature, conductivity, dissolved oxygen
(DO) and pH) in water solution showed high coefficient of determination (R2>0.99)
between the MEA readings and the parameter targeted. The shock tests demonstrated high
accuracy of MEA sensors and rapid response with a reading frequency of 0.1 second, which
captured the shock impacts in more details than commercial probes.

Furthermore,

patterning multiple types of MEA sensors on a single film enables the auto-correction
between the parameters targeted and reduces the measurement errors. MEA surface
property observed during 4-week immersion into wastewater and waste sludge revealed
the intact structure and high mechanic stability. The study clearly demonstrated the
unbeatable advantages of MEAs over existing “single-point” probes: compact sensor
configuration, multiple-parameter monitoring in a single measurement, easy fabrication
and ultra-low cost ($0.2/sensor), which will decode the system “black box”, provide
complete dataset for switch control strategy, and enhance the treatment performance at the
lowest capital and operational cost.
4. Flat thin mm-sized soil moisture sensor (MSMS) fabricated by gold compact discs etching
for real-time in situ profiling. The last topic is to develop a novel flat thin mm-sized soil
moisture sensor (MSMS) using gold compact discs etching. In situ direct soil moisture
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monitoring suffers from crucial problems including bulky sensor size, disturbance of soil
texture, low accuracy and costly sensors. MSMSs were examined in six soil samples
(sand/silt/clay mixtures), with soil moisture in each varying from zero to saturated. The
capacitance and resistance readings of MSMSs were real-time recorded, and compared
with soil moisture derived from conventional measurement. Both capacitance and
resistance were found to correlate linearly with soil moisture, and the regression slopes
were linearly correlated with soil porosity. This unique relationship facilitates accurate
calculation of soil moisture based on MSMS readings for any given soil texture, which
eliminates the need for tedious calibration of MSMSs in field applications. Four-week
stability tests of MSMS showed the resistance readings did not drift throughout the test
period, and the sensor surface observation indicated anti-scratching capability,
demonstrating high stability for long-term continuous in situ monitoring of soil moisture.

1.3 Organization of the Doctorate Dissertation
The rest of this thesis is organized as follows. Chapter 2 introduces flat microliter membranebased microbial fuel cell as “on-line sticker sensor” for self-supported in situ monitoring of
wastewater shocks. Chapter 3 shows Disposable self-sustained paper-based multi-anode
microbial fuel cell integrated with power management system as the real-time wastewater
shock biosensor. Chapter 4 presents real-time in situ sensing of multiple water quality related
parameters using micro-electrode array (MEA) fabricated by inkjet-printing technology (IPT).
Chapter 5 discusses flat thin mm-sized soil moisture sensor (MSMS) fabricated by gold
compact discs etching for real-time in situ profiling. Chapter 6 is the summary of all the
previous projects and brief introduction to the future work.
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Chapter 2

2 Flat Microliter Membrane-based Microbial Fuel Cell as “online Sticker Sensor” for Self-supported in situ Monitoring of
Wastewater Shocks
Novel flat membrane-based microbial fuel cell (MMFC) sensors were developed by compacting
two filter membranes coated with carbon ink. High micro-porosity and hydrophilicity of
membranes offered the distinct advantages of short acclimation period (couple hours), simple
compact configuration with microliter size, and high sensitivity and stability. MMFC sensors were
examined at two toxic shocks (chromium and nickel) in a batch-mode test chamber, and rapidly
responded to shock types and concentrations. The variation of voltage output was correlated with
open circuit potential (OCP). Filter membranes facilitated bacterial attachment and shortened
acclimation. The MMFC sensors showed good reusability and recovered several days after toxic
shocks. The robustness of MMFC sensors was validated through 1-month tests. The stability of
sensor signals was examined with coefficient of variance (CV) statistical analysis. The flat
microliter MMFC has a great potential as “on-line sticker sensor” for real time in situ monitoring
of wastewater quality.

2.1 Introduction
Wastewater treatment plants (WWTPs) have been designed and operated based on the average
concentrations of contaminants. Short-term and long-term shocks (e.g. organic compounds and
heavy metals) in wastewater disturb the stability of WWTPs. Real-time wastewater shock sensors
are critical to provide effective precaution strategies and minimize shock impacts. Diverse
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biosensors (e.g. biological oxygen demand, ammonia, and heavy metal) have been developed to
monitor the contaminants in wastewater [1-12]. However, the biosensor performance is directly
depended on the coated enzymes and microorganisms, which have inherent problems, such as short
lifetime [5,9-12], narrow specificity for chemicals [1, 5-6, 9-10], and the need for external power
sources [1.2,7].
A novel bioelectrochemical device, microbial fuel cell (MFC), has been studied to convert
wastewater to electricity by electrogenic bacteria [13-16]. MFC possesses three unique features as
wastewater sensors. First, wastewater shocks can cause immediate jump or drop of the voltage
output of MFCs, which can be used as the real-time shock indicator. Second, with the electricity
generated from wastewater to support its operation, MFCs are self-sustainable without external
power supply. Third, MFCs utilize the microorganisms and organic substrates in wastewater
without the need of coating external enzymes and bacteria, which simplifies its setup and prolongs
the lifetime. MFC sensors have been developed for biological oxygen demand (BOD) [17],
chemical oxygen demand (COD) [18], organic substances [19], and toxins [20] in wastewater.
However, existing MFC sensors still utilize traditional MFC configurations (e.g. tubular bioreactor,
single chamber, and cube shape) [17-20], which poses difficulties for real-time shock monitoring.
These MFC sensors have the volume of 20–150 mL with inlets and outlets [17-20], which are the
operational systems by themselves, and make it difficult for direct installation on wastewater
facilities. In addition, the voltage output of MFC sensors is closely associated with open circuit
potential (OCP) and inner resistance (Rin), and keeping stable Rin is critical for reducing the
possibility of fault signals of MFC sensors. But large volume (normally 20–150 mL) of wastewater
contained the existing MFC sensors may cause unstable Rin, and increase the possibility of fault
signals. Moreover, these MFC sensors need at least 1–2 weeks to acclimate electrogenic bacteria,
meaning that they should be inoculated long time before the occurrence of shocks, which is
unrealistic for monitoring unexpected wastewater shocks.
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A new type paper-based MFC, which packed carbon cloth and paper-based proton exchange
membrane (PEM) together, could solve the problem of MFC sensors [21-23]. The paper-MFC
utilized both sides of carbon cloth as anode and cathode, which substantially reduced the MFC
volume from milliliter (mL) to microliter (μL). However, this paper-MFC is still impractical for on
line monitoring. Ferricyanide was used as the electron acceptor in cathode, which is not suitable
for real-world application due to its toxicity and high cost. An additional hydrophilic paper
reservoir (size: 4 cm × 3 cm) was used to shorten the acclimation time [21-23], which made the
paper-MFC configuration complicated and difficult for direct installation in WWTPs. Most
importantly, low mechanical strength of paper reservoir and water leakage of carbon cloth posed
obstacles for in situ monitoring.
The objective of this study was to develop a simple compact membrane MFC (MMFC) sensor by
stacking two flat filter membranes without the PEM and paper reservoir. The flat MMFC sensors
possess four major breakthroughs over traditional MFC sensors and paper-MFCs. MMFC sensors
minimize the size to microliter (μL), which is expected to substantially reduce the variability of Rin
and the possibility of fault signals. In addition, oxygen in the air is used as the electron acceptor in
the MMFC sensors, which simplifies MMFC configuration. The unique flat structure of MMFCs
makes the direct installation on wastewater facilities possible and serves as an “on line sticker
sensor” for real time in situ wastewater quality monitoring. Moreover, micro-porous membranes
could solve water leakage and enhance mechanical strength. High hydrophilicity of membranes is
expected to facilitate bacterial adhesion and shorten acclimation time. Finally, the flat MMFC is
studied as the shock sensor, while the paper-MFC was still targeted as power generation.

There were five tasks in this study. First, the flat MMFC sensors were installed as a sticker in a
batch mode test chamber to examine its acclimation duration and voltage output. Second, the
responses of the MMFC sensors to two toxic shocks (chromium and nickel) were determined at
different concentrations. Third, OCP of the MMFC sensors was measured and correlated with the
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sensor performance. Fourth, the biofilm morphology and the contact angles of membranes were
compared with carbon cloth (common anode materials for MFCs) to elucidate the advantage of
MMFC sensors. Finally, the long-term robustness of flat MMFC sensors was examined through 1month operation. The stability of sensor signals was validated using coefficient of variance
statistical analysis.

2.2 Methods
2.2.1 Fabrication of flat MMFC sensor
The anode and cathode of the flat MMFC sensor were fabricated on filter membranes (Mixed
Cellulose Ester Membranes, diameter: 4.7 cm, pore size: 0.22 μm, Millipore) (Fig. 2.1a).
Specifically, multiple lines (thickness: <1 mm) of carbon ink (Microcircuit Material, DuPont) were
painted on the filter membranes using a brush to effectively transfer electrons generated by
electrogenic bacteria growing on membranes. The anode membrane was coated with plain carbon
ink, while the cathode membrane was coated with plain carbon ink plus a top layer of platinum (Pt
as the catalyst, loading: 0.5 mg/cm2) [23]. The resistance of stacked membranes was measured
across the membrane (the longest distance) using a multimeter (Fig. 2.1a). Before the assembly,
the anode membrane was soaked into a single chamber MFC (SCMFC volume: 300 mL) for 3 h to
acclimate microorganisms on the membrane surface. The SCMFC had been operated for several
weeks treating wastewater taken from the influent of the University of Connecticut WWTP (COD:
250–350 mg L−1 and BOD: 100–300 mg L−1). The microorganisms acclimated on the anode were
intrinsic in wastewater, so that MMFCs would not be a pollution source for wastewater. Next, the
anode and cathode membranes were stacked together with the sides of coated carbon ink facing
outside (Fig. 2.1b). Copper wires were bonded on the top bulk area of membranes for multimeter
connection [24-25]. To elucidate the importance of bacterial attachment for MMFC sensors, a
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control membrane was soaked into deionized water for 3 h and then assembled with a cathode
membrane. The voltage of this blank control was compared with MMFC sensors.

2.2.2 Test chamber setup and shock tests
A test chamber made of plexiglass was used to simulate a wastewater facility (Fig. 2.1c). The
MMFC sensor (volume: <200 μL, diameter: 5 cm) was inserted firmly into one side of the test
chamber as an “on line sticker”, with the cathode membrane facing to air (oxygen as the electron
acceptor) and the anode membrane facing to wastewater in the container (substrates in wastewater
as electron generator). The surface structure of the MMFC sensor was observed after 1-month
operational period to examine the robustness and mechanical strength of membranes. Throughout
the test period, the chamber was full of anoxic wastewater, with the redox potential (ORP) below
−350 mV.
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Figure 2.1. Diagram of the anode/cathode filter membrane (a), the assembly of a MMFC sensor
(b), and the MMFC sensor installed as the “on line sticker” on a batch-mode test chamber (c).

Two types of toxic metal shocks were injected to the test chamber using a syringe through the
rubber septum (diameter: 10 mm) (Fig. 2.1c). Chromium (Cr6+) is a well-known toxic metal with
the limitation of 0.1 mg L−1 in drinking water (EPA 816-F-09-0004), and high Cr6+ concentration
(>10–20 mg L−1) occurs in wastewaters from electroplating and chrome tanning [26-27]. The Cr6+
shocks were examined at three concentrations: 5 mg L−1 as the upper-end Cr concentration in
wastewater (the control test), 10 mg L−1 and 20 mg L−1 as the shocks in wastewater influent, which
was achieved by injecting 150 μL, 300 μL, and 600 μL K 2CrO4 solution (1000 mg L−1 Cr6+) into
the chamber individually. The dilution effect was ignored since the injection volume (150–600 μL)
only counted for 1% of the chamber volume (30 mL). Cr6+ concentrations in the container were
measured using the colorimetric standard method (Varian Cary 50 Bio UV–VIS
spectrophotometer) at 2 min, 30 min, 2 h, and 20 h after the Cr6+ injection (20 mg L−1). The nickel
toxicity (Ni2+) is not as acute as Cr6+ [20, 28], although the limitation of 0.1 mg L−1 in drinking
water is same as Cr (EPA 816-F-09-0004). Previous MFC sensor study showed that Ni (30 mg L−1)
caused a sudden drop in the voltage output [28]. Ni2+ concentration could be 1000 mg L−1 in the
plating wastewater [29]. The Ni2+ shocks were examined at three concentration: 5 mg L−1 as the
upper-end Ni concentration in wastewater (the control test), 20 mg L−1 and 50 mg L−1 as the shock
in wastewater influent, which was achieved by injecting 50 μL, 200 μL, and 500 μL NiSO4·6H2O
solution (3000 mg L−1 Ni2+) into the test chamber individually. All shock tests were duplicated.

2.2.3 Internal resistance of the MMFC sensor
The external resistance (Rext.) was 1466 Ω and the voltage output was recorded using a Keithly
2700 data logging system for 1-month operation period [24-25]. The voltages over a series of
(Rext.: 36–21,090 Ω) of the MMFC sensor were recorded using a digital multimeter [24-25] to get
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the power density curve. The inner resistance (Rin) was determined based on the maximum value
on the curve. The Rin measurement was duplicated.

2.2.4 Stability analysis of MMFC voltage output
Two datasets were taken during a 5-h period to examine the stability of voltage output and
distinguish sensor signals from noises. One dataset was taken 5 h before shock injection (termed
as Vbs), and the other was 2.5 h before shock injection and 2.5 h after shock injection (termed as
Vbs+as). Each dataset consisted of 10 data points (with one data point per half hour). Statistical
analysis of these datasets was performed using Minitab 17 with coefficient of variance (CV)
analysis.

2.2.5 Biofilm formation on the anode membrane
Biofilms growing on the anode membrane of the MMFC sensor after 3 h and 1-month period were
observed and compared with carbon cloth (Fuel Cell Earth LLC, MA) (common anode material
used in MFCs) [30]. Scanning electron microscope (SEM) observation (Model: Joel6335F) was
conducted as previously described [31].

2.2.6

Contact angle measurements

Bacterial attachment on a solid surface is correlated with the surface hydrophilicity [21, 32]. The
static contact angles of the clean membrane and clean carbon cloth were examined in duplicate
tests using a CAM 101 optical surface tension meter (KSV Instrument Inc.) [33].
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2.3 Results and discussion
2.3.1 Acclimation and stabilization of the MMFC sensors
After the anode filter membrane soaked into a SCMFC solution for 3 h, it was assembled with the
cathode filter membrane as a MMFC sensor and then installed into the test chamber. The MMFC
sensor instantaneously had the OCP of 512.5 ± 7.5 mV and stabilized at 378 ± 5 mV, while the
OCP of the control MMFC (with the anode membranes being soaked into deionized water before
assembly) was only 90 ± 10 mV (Table 1). Because the OCP value is associated with the bacterial
electrogenic activity [20, 34-35], this comparison showed that sufficient bacteria attached to the
anode membrane within 3 h soaking in the SCMFC solution and started the electron transfer
instantaneously after being exposed to wastewater in the test chamber. In contrast, the control anode
membrane with blank surface (without bacterial adhesion) had low electron transfer capability
exhibited by low OCP. Traditional MFCs with carbon cloth or activated carbon as the anode
materials took at least 3–15 days to acclimate bacterial growth and achieve good voltage (OCP >
300 mV) [17-20, 30].

The short acclimation time of the MMFC sensors was caused by the rapid absorption of the analytes
(e.g. wastewater and bacterial cells) and the acceleration of bacterial attachment to the membrane
surface [21]. The immobilization efficiency depends on the hydrophilic and hydrophobic
proprieties, pore size and shape. This mechanism of high hydrophilic membrane was verified by
lower contact angle (56°, hydrophilic) of filter membrane than carbon cloth (133°, hydrophobic).
The pores (diameter: 0.22 μm) of the filter membrane are much smaller than the carbon cloth fiber
(>10–15 μm), and possess high surface area. Previous studies had found that filter membrane with
high surface areas had high loadings of bioentities [36-37], which was confirmed by good bacterial
attachment on membranes after 3-h soaking in wastewater. Because biofilms on anode surface were
formed by bacterial cells sticking to each other, the microporous matrix of membrane greatly
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shortened the distance between cells and led to a much faster acclimation than carbon cloth [38].
The unique properties of membranes (hydrophilic and microporous) simplified the operation and
avoided the long incubation time required for the MFC sensors with traditional configurations and
electrode materials.

The voltage output of the MMFC sensor started at 0.08 V and stabilized at 0.18 V after 25 h
installation in the test chamber fed with fresh wastewater (Fig. 2.2a), while the OCP decreased
from 512.5 ± 7.5 mV to 378 ± 5 mV (Table 1), indicating that the activity of microorganisms
slightly decreased and reached a stable status. The Rin dropped with time (Fig. 2.2b), which was
corresponded with the increase in voltage output. The Rin was 956–1140 Ω, which was higher than
other MFC sensors (∼500 Ω) [20]. The resistances of anode and cathode membranes were 330 ± 8
Ω and 224 ± 2 Ω, respectively, indicating that there were other factors (e.g. the space between
membranes) affecting the Rin [39]. Two potential approaches could be adapted to lower Rin. First,
the carbon ink layer on membranes could be automatically coated using a printer rather than
manually coating in this study, which will produce an evenly-distributed carbon layer. Second, the
packing process of anode/cathode membranes of the flat MMFC sensor (Fig. 2.1b) could be
conducted using a pressing machine to minimize the space between the anode and cathode
membranes.

Table 2.1 OCP value of the MMFC sensor before and after Cr6+ and Ni2+ shock tests.
shock type

After
setup

no
shock

5mg L-1 10mg L-1
Cr6+
Cr6+

20mg L-1
Cr6+

5mg L-1
Ni2+

20mg L-1
Ni2+

50mg L-1
Ni2+

OCP (mV)

512.5±7.5

378±5

343±3

67±1

367±2.5

313±3

282±2

66±1
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a.
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b.

Figure 2.2. Stabilization of the MMFC sensor after installation in the container and the revival tests
after 10mg L-1 Cr6+ shock tests (a), power density curves of the MMFC sensor right after assembly
and one day in the container (b). (Both tests were duplicated.)
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2.3.2 Sensitivity of the MMFC shock sensors
The MMFC sensors were examined at two types of toxic shocks (Cr6+ and Ni2+). The voltage output
of the MMFC stabilized at 0.18 V before the shock injection, and slightly dropped to 0.16 V within
180 min after 5 mg L−1 Cr6+ shock (Fig. 2.3a). Previous study using a cube MFC sensor (volume:
30 mL) showed that the voltage dropped from 0.12 V to 0.07 V within 60 min of the Cr6+ shock (2
mg L−1) [20]. The MMFC exhibited a higher tolerance for Cr6+ than traditional MFC sensors, which
might be caused by the unique hydrophilic and microporous property of the membrane and good
biofilm formation. Because shocks are the “exceptionally high concentrations (at least 5–10 times
as normal concentrations)” occurring in wastewater, the flat curve of the MMFC voltage output at
5 mg L−1 Cr6+ (normally the high-end Cr concentration in wastewater) could be used as the control
background for shocks to prevent the false signals. In contrast, the voltage rapidly dropped to 0.04
V 40 min after the 10 mg L−1 Cr6+ shock, and dropped to 0.05 mV 6 min after the 20 mg L−1 Cr6+
shock (Fig. 2.3a), demonstrating that the 20 mg L−1 Cr6+ shock caused faster and more dramatic
voltage drop than the 10 mg L−1 Cr6+ shock. The MMFC sensor was capable of distinguishing the
toxic concentration. The duplicate test followed the same trend. Previous study showed that the
voltage dropped from 0.12 V to 0.04 V within 5 min of the Cr6+ shock (8 mg L−1) [39]. The reason
for the lower sensitivity of the flat MMFC sensor in this study might be the higher Rin of the MMFC
than that of the cube MFC sensor (Rin: 500 Ω) [20]. The Cr6+ concentration (20 mg L−1) in the test
chamber was quite stable within 20-h period, indicating that the voltage drop was caused by the
inhibited electrogenic bacterial activity, rather than the electron consumption by Cr6+ oxidation.
The OCP of the MMFC sensor dropped from 378 mV to 66 mV (Table 1), which confirmed the
inhibited electrogenic bacterial activity.

The voltage responses of the MMFC sensor to the Ni2+ shocks were milder than Cr6+ shocks. The
5 mg L−1 Ni2+ shock caused no visible voltage drop within 180 min, which was verified by the
similar OCP value before and after injection (378 mv vs. 367 mv) (Table 2.1). The 20 mg L−1 Ni2+
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shock only caused a slight voltage drop from 0.18 V to 0.15 V within 180 min (Fig. 2.3b), and 50
mg L−1 Ni2+ shock caused a faster voltage drop (0.18–0.15 V) within 45 min (Fig. 2.3b). The OCP
measured at the end of the 50 mg L−1 Ni2+ tests were 282 ± 2 mV (Table 1), which was somehow
lower than that of wastewater (∼380 mV) but much higher than that of Cr6+ shocks (66 mV). The
sharp voltage drop at Cr6+ shocks and slight drop at Ni2+ shocks implied that this difference in the
voltage declining pattern of the MMFC sensor could be used to distinguish the shock types in
wastewater.

a.

22

b.

Figure 2.3. Voltage responses of the MMFC sensor to 5, 10, and 20 mg L-1 Cr6+ (a) and 5, 20, and
50 mg L-1 Ni2+ (b) (duplicate tests for each shock).

The reusability is a critical factor for shock sensors. If all the bacteria are inactivated by toxic
shocks without recovery, the biosensors should be replaced each time after the occurrence of toxic
shocks, which poses a potential problem for in vivo monitoring. The revival of the MMFC sensor
was examined after the Cr6+ shock tests. Although the electrogenic bacterial activity was almost
inhibited at the 10 mg L−1 and 20 mg L−1 Cr6+, it gradually recovered to the original level (voltage:
0.14–0.18 V) 80 h after shocks (Fig. 2.2a, duplicated tests). During the revival period, the batchmode test chamber was fed with wastewater containing 1000 mg L−1 sodium acetate and
replenished daily. The results indicated that the MMFC shock sensor can be recovered after a shortterm toxin shock albeit all the electrogenic bacterial activity was almost inhibited. Even though the
Cr6+ shock in this study was much stronger than a previous study (8 mg L−1, cube MFC sensor with
a volume of 30 mL, Liu et al., 2014), the revival time of the MMFC sensor was similar to the
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reported value (about 3 days), which indicated a better reusability. In addition, because the MMFC
sensor was examined in the batch-mode test chamber that replenished fresh wastewater once per
day, rather than a continuous-mode system that receives fresh wastewater continuously to dilute
the shocks over time, the actual revival time of MMFC sensors in WWTPs should be much shorter
than the batch-mode test chamber used in this study. Finally, the MMFC was developed as “an online sticker sensor” for wastewater shocks, which means the shocks will occur at exceptionally high
concentration (e.g. 5–10 times as normal concentrations in wastewater) but at much less frequency
(e.g. once per week/month/year). The revival time (2–3 days) of MMFCs needed would be
sufficient for the recurrence of shocks in a given system. Considering the flat MMFC sensors’ short
acclimation time, easy fabrication, and installation of on wastewater facilities, it is feasible to
replace them if the bacterial revival time is too long.

The stability of MMFC sensor structure and sensor signals is critical for long-term application. The
anode and cathode (filter membranes) were observed before (Fig. 2.4a and b) and after 1-month
tests (Fig. 2.4c and d). Both membranes maintained high structure integrity without breaking and
cracking, demonstrating the good mechanical strength for long-term in vivo monitoring. Compared
with the anode with biofilms growing after 1-month operation (Fig. 2.4c), the cathode stayed dry
(Fig. 2.4d), which confirmed there was no water leaking during the operation even though it is
hydrophilic. No detectable water level drop was observed in the container during 1-month period,
since the microporous matrix of membranes prevented the water leaking and pressure drop.
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(a)

(b)

(c)

(d)

Figure 2.4 The pictures of the clean anode (filter membrane) and the clean cathode (filter
membrane) before assembly (a and b), the anode and cathode after 1-month period (c and d).

The coefficient of variance (CV) statistical analysis was conducted for the MMFC sensor.
Duplicated tests showed that the StDev of Vbs+as (0.07039 and 0.03083) was about 10–100 times as
that of Vbs (0.000736 and 0.00359) (Table 2.2), indicating that the voltage signal was quite stable
before the shocks. The CoefVar of Vbs+as (71.38 and 19.14) was about 10–150 times as that of Vbs
(0.44 and 1.96), indicating that the sensor signals after shock injection were predominant and much
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higher than the noise. The results clearly showed that the voltage output (Vbs) kept stable for a
long time and the shock signals (Vbs+as) were predominant over noises, which effectively avoid
the occurrence of false shock signals.

Table 2.2 Stability analysis of the voltage output of the MMFC sensor 5 hours before and 2.5 hours
before and after shock injection (A and B are duplicated tests)

A
Variable
Voltage
5 hrs before shock (Vbs)
Voltage
2.5 hrs before shock and 2.5 hrs after shock,
(Vbs+as)

Mean value
of voltage

StDev*

Variance
of
voltage

CoefVar*

0.16862

0.000736

0.000001

0.44

0.09861

0.07039

0.00496

71.38

Mean

StDev

Variance

CoefVar

0.1832

0.00359

0.000013

1.96

0.16105

0.03083

0.00095

19.14

B
Variable
Voltage
5 hrs before shock (Vbs)
Voltage
2.5 hrs before shock and 2.5 hrs after shock,
(Vbs+as)

* StDev and CoefVar stand for standard deviation and coefficient of variance, which are used to
distinguish the shock signals from noises.

2.3.3 Significance of the flat MMFCs as “on line sticker sensors” for wastewater
monitoring
By utilizing filter membrane as the electrode and biofilm support, and carbon ink as the electron
collector, the flat MMFC reduces the sensor volume to μL, and maintains the simple compact
configuration that can be directly installed on wastewater facilities as self-sustained “on line sticker
sensors”. No any reported biosensor or MFC sensor possesses this unique advantage. High
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hydrophilic and microporous of membranes induced excellent adsorption ability for electrogenic
bacteria and shortened the acclimation time to several hours. One-month in situ tests of the MMFC
sensors in a batch-mode chamber showed stable voltage output, good sensitivity to toxic metal
shocks, good recovery from the shocks, and high mechanic strength. It should be noted that the due
to the requirement of bacteria and organic substrates in the anode, MMFC sensors are suitable as
the pre-screen tool for the presence or absence of wastewater shocks, not for contaminant
concentration measurement (e.g. COD and metals) nor drinking water monitoring.

2.4 Conclusion
A novel flat membrane-based MFC (MMFC) sensor was developed in this study by directly
stacking two filter membranes. The MMFC possessed distinct advantages over traditional MFC
sensors and the reported paper-MFCs: short acclimation duration (couple of hours), flat compact
configuration, and microliter size, which provides a great potential as “on line sticker sensor” for
wastewater quality monitoring. The batch-mode tests demonstrated that the MMFC sensors
possessed a high sensitivity under the shocks of toxic metals (Cr6+ and Ni2+), and exhibited a good
reusability and a high stability of voltage signals.
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Chapter 3

3 Disposable Self-support Paper-based Multi-anode Microbial
Fuel Cell (PMMFC) Integrated with Power Management
System (PMS) as the Real Time “Shock” Biosensor for
Wastewater
A paper-based multi-anode microbial fuel cell (PMMFC) integrated with power management
system (PMS) was developed as a disposable self-support real-time “shock” biosensor for
wastewater. PMMFCs were examined at three types of shocks (chromium, hypochlorite and
acetate) in a batch-mode chamber, and exhibited various responses to shock types and
concentrations. The power output of PMMFC sensor was four times as the carbon cloth (CC)-based
MFCs, indicating the advantage of paper-based anode for bacterial adhesion. The power output was
more sensitive than the voltage output under shocks, and thus preventing the false signals. The
simulation of power harvest using PMS indicated that PMMFC could accomplish more frequent
data transmission than single-anode MFCs (PSMFC) and CC anode MFCs (CCMMFC), making
the self-support wastewater monitor and data transmission possible. Compared with traditional
MFC sensors, PMMFCs integrated with PMS exhibit the distinct advantages of tight paper-packed
structure, short acclimation period, high power output, and high sensitivity to a wide range of
shocks, posing a great potential as “disposable self-support shock sensor” for real time in situ
monitoring of wastewater quality.
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3.1 Introduction
Shocks in wastewater incurred by the discharge of acutely high concentration of contaminants (e.g.
organic compounds and/or heavy metals in tens or even thousands of times as normal
concentrations) during a short period disturb the stability of wastewater treatment plants (WWTPs)
and sometimes even cause irreversible impairment of operational systems. Real-time wastewater
monitor with low power requirement and high sensitivity for a broad range of shocks is critical to
provide effective precaution strategies and minimize shock impacts [1-2]. Installing a complete
spectrum of sensors specific to each type of shock is impossible for WWTPs. Instead, developing
sensors capable of real-time screening the presence/absence of a broad range of shocks is an
effective solution, especially if the sensors can be self-supported for data transmission.
Microbial fuel cell (MFC), a bioelectrochemical system (BES) converting wastewater to electric
energy by the microorganisms intrinsic in wastewater possesses the unique feature as wastewater
shock sensor, since the jump or drop of the voltage/power output of a MFC is directly associated
with electrogenic bacterial activity [3-8] and affected by shocks in wastewater. Moreover, unlike
conventional wastewater biosensors requiring coated enzymes and/or pure bacterial cells and
external power supply [9-11]. MFCs produce electric energy from wastewater and are expected to
achieve self-sustained monitoring, recording, and data transmission, which substantially simplify
the device setup and prolong the lifetime. Previous studies had found the good sensitivity of MFCs
to toxic metal shocks and good recovery from shocks [1-2]. However, there are three main
challenges of MFC shock sensors. First, the acclimation time of traditional MFCs (e.g. tubular
bioreactor, single chamber, and carbon cloth-based anode) is long (3-15 days [1, 12-15]), making
it impossible for real-time shock monitoring and prompt recovery of signals after shock. A novel
membrane-based MFC sensor was developed using hydrophilic microporous filter membrane to
shorten the acclimation period to 2-3 hours [2,16-17]. But filter membrane is awfully fragile and
expensive for “disposable” application in wastewater systems. MFCs with anode paper reservoirs
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were fabricated to accelerate bacterial growth and maintain bacterial activity [2,16-17], but the
requirement of constant bacterial injection to reservoirs and the bulky structure of MFC-reservoir
posed high difficulty for installment in WWTPs. Second, the voltage output of single-anode MFCs
has been used as the signal [1-2, 5-6]. However, the difference between the stable output before
shock and the output after shock was too small (≤0.15V) [1,2] due to the limited voltage output of
MFCs [18]. This minuscule response causes a potential fault warning and lowers sensitivity. One
approach to enhance the response is to increase the voltage output by connecting multi-anode in
series, with the precondition that each anode should be isolated into separate media units [1,2]. But
for a MFC sensor being inserted in wastewater with all anodes sharing the same media
(wastewater), it is impossible to achieve the isolated multi-anode in series, and thus unable to
increase the voltage output of a MFC sensor. Third, the power output of MFC with single pair
electrode is still low (0.08mW) [1, 2], which is insufficient to support the data recording and
transmission (normally need 10-2000 mW [20-22].
The objective of this study is to develop Paper-based Multi-Anode Microbial Fuel Cell (terms as
PMMFC) integrated with power management system (PMS) as a disposable self-support (meaning
it functions (e.g. monitoring and data transmission) without the need of external power supply)
“shock” sensor for real time in situ monitoring of wastewater quality. The breakthrough lies in
enlarging and harvesting power output of PMMFC through parallel connection and PMS, and using
power output instead of voltage output as the MFC signal, which is expected to enhance the
sensitivity and minimize the false warning of shocks. This study consisted of three tasks. First, the
acclimation and power output of PMMFC was examined and compared with the paper-based
single-anode MFC (termed as PSMFC) and the traditional carbon cloth-based multi-anode MFC
(CCMMFC) to determine the advantage of multi-anode configuration and filter paper anode.
Second, the frequency of data transmission in PMMFC, PSMFC and CCMMFC was simulated to
explore the possibility of long-term self-sustained sensing. Third, three types of shocks were
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examined with chromium (Cr6+) as the toxic metal, sodium hypochlorous (NaClO) as the
disinfectant, and sodium acetate (NaAc) as the organic contaminant in wastewater. The sensitivity
of power output and voltage output was compared at different shock types and concentrations.
Power outputs of PMMFCs before and after shocks was validated using regression statistical
analysis.

3.2 Materials and methods
3.2.1 Fabrication of PMMFCs
The PMMFC consisted of 4 anodes (5 cm×5 cm) and 1 cathode (3 cm×3 cm). Multi-anode was
used to enhance power output compared with single anode MFC. Filter paper has the similar feature
(hydrophilic and microporous) as filter membrane, but is less expensive and more mechanic durable
than filter membrane, as demonstrated in previous study. Anodes were made by coating carbon ink
(Microcircuit Material, DuPont) (thickness: < 1mm) on both sides of a filter paper (P8, Fisher
Science) (Figure 3.1a). The filter paper was then folded to form four blocks as four individual
anodes with each anode being connected to an external resistance (Rext: 480 Ω) (Figure 3.1b).
Cathode was made by coating 4-layer polytetrafluoroethylene (PTFE) on carbon cloth facing air
and the Platinum-loaded side (Pt: 0.5 mg cm−2) facing wastewater [23]. After assembly, the
PMMFC was inserted into a batch-mode container (Figure 3.1c).
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Figure 3.1. The fabrication process of MFC sensors. (a: anode types: multi-anode filter paper,
single-anode filter paper and multi-anode carbon cloth; b: folding anode materials to form multianode; c: installing a MFC sensor into a batch-mode chamber).

Before the shock tests, PMMFC was acclimated in wastewater taken from the influent of the
University of Connecticut Wastewater Treatment Plant (chemical oxygen demand (COD): 250-350
mg L−1). The voltage outputs across four Rext connected with four anodes were recorded using a
data logging system (Keithly 2700). The power outputs were calculated based on Eqs. 3.1.
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2

𝑃 = ∑𝑖 𝑉 /𝑅𝑒𝑥𝑡

3.1

where V is the voltage across the Rext (mV), Rext is the external resistance (Ω), i refers the number
(1, 2, 3 and 4) of external circuits.
The PMMFC with 4-anode/1 cathode was compared with two control MFCs (anode area: 5 cm×5
cm). The first one was a paper-based single-anode MFC (termed as PSMFC) to determine the
enhancement of multi-anode. The second one was a carbon cloth (CC)-based multi-anode MFC
(termed as CCMMFC) with the same configuration (4-anode/1 cathode) to elucidate the effect of
anode materials on power output. Specifically, the anode of the PSMFC was the single filter paper
coated with carbon powder. The anode of the CCMMFC was made by folding CC (Fuel Cell Earth
LLC, MA) into four pieces of anodes (Figure 3.1b.). The cathodes were the same as that in the
PMMFC.

3.2.2

Internal resistance (Rin) of the MFCs

The power density curve was acquired by recording the voltages over a series of Rext (36-21090 Ω)
of MFCs (PMMFC, PSMFC and CCMMFC) using a digital multimeter. The polarization curves
recorded the power density as a function of current density, which were calculated according to
Eqs. 3.2 and Eqs. 3.3.
𝑃𝑜𝑤𝑒𝑟 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 = 𝑅

𝑉2

𝑒𝑥𝑡 𝑘

𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 = 𝑅

𝑉

𝑒𝑥𝑡 𝑘

3.2

3.3

where Rext is the external resistance (Ω), V is the voltage across Rext (mV), and k is the anode
project area of MFCs. The internal resistance (Rin) was determined based on the maximum value
on the polarization curve. The Rin measurement was duplicated three times.
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3.2.3

Simulation of MFCs integrated with Power Management System (PMS)

The power outputs of PMMFC, PSMFC and CCMMFC were simulated individually to determine
the final power output available for data transmission at a duration of 60 mins when integrated with
a charge pump-based power manager system (termed as PMS, power requirement: 1.2mW). The
major components of a PMS were a multi-anode decoupling circuit, a charge pump, a super
capacitor, a reference voltage, a voltage controlled oscillating, a switch, and a DC–DC converter
[24]. Following the charge pump, a super capacitor was placed to accumulate the energy from the
pump discharges. The inherent efficiency of the PMS was directly dependent on the efficiency of
the components (e.g. charge pumps, converter) used [20], and was calculated according to Eqs. 3.4.

ηoverall = η1*η2

3.4

where, η1is the efficiency from the MFC to the super capacitor, and η2 is the efficiency of the DC–
DC converter. ηoverall was estimated as 40% based on previous studies (range: 20%-60%) [20],
mainly affected by the number of the anode. A switch unit with the voltage controlled oscillating
was applied to control this energy transfer process between the super capacitor and the DC–DC
converter, which enabled the energy transfer when the voltage on the super capacitor was high
enough (>2 V) and disabled the energy transfer when the voltage on the super capacity dropped
below a threshold (1.5 V). When the voltage of the capacitor drops from Umax (2V) to Umin (1.5V),
a signal (e.g. the power output) was transferred and recorded by a computer terminal, so that the
monitored data of MFC sensors can be recorded on a real-time mode.

3.2.4 Shock tests in the batch-mode container
Three types of chemical shocks (Cr6+, NaClO and NaAc) were injected to the batch-mode container
(Figure 1c). Chromium (Cr6+) is a well-known toxic metal with the limitation of 0.1 mg L−1 in
drinking water (EPA 816-F-09-0004), and high Cr6+ concentration (>10-20 mg L-1) occurs in
wastewaters from electroplating and chrome tanning [25-26]. As one of the most classical toxic
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metal in wastewater, the Cr6+ shock was selected to examine for the sensitivity of MFC biosensors
and compare with previous studies. The Cr6+ shocks were examined at three concentrations: 5 mg
L-1 as the upper-end Cr concentration in wastewater, 10 mg L-1 and 20 mg L−1 as the shocks in
wastewater, which was achieved by injecting 150µL, 300 µL, and 600 µL K2CrO4 solution
(1000 mg L−1 Cr6+), respectively. The dilution effect was ignored since the injection volume (150600 µL) only counted for less than 1% of the chamber volume (30 mL).
Chlorination is the routine disinfection process for water and wastewater treatment plants. The
recommended concentrations of residual chlorine for disinfection are between 0.5 to 1.0 mg/L,
which is well below any level known to demonstrate physiological efforts on mammals [27].
However, certain accident, such as free chlorine leakage could rapidly cause the spike of chlorine
(over 100-1000 times as residual chlorine) in wastewater and thus becoming toxic to aquatic life.
But this chlorine leakage is difficult to catch in a real-time mode using routine methods (e.g.
polymerase chain reaction (PCR) and electrical probe) [28-29]. The toxicity of chlorine was that
low concentration hypochlorous acid exerted a rapid and selective inhibition of bacterial growth
and cell division. Until now, chlorine shock has not been examined for MFC biosensors. Chlorine
shocks were examined at three concentrations: 50 mg L-1 as the upper-end chlorine concentration
in wastewater, 100 mg L-1 and 200 mg L−1 as the shocks in wastewater, which was achieved by
injecting 12 µL, 24 µL, and 48 µL NaClO solution (12.5 % NaClO solution, Fisher Scientific),
respectively.
The fluctuation of organic contaminants in wastewater has been well recognized to affect microbial
activity and treatment efficiency in WWTPs [10]. Routine measurements (e.g. chemical oxygen
demand COD and biological oxygen demand BOD) are off-line and ex situ [30], which makes it
impossible to real time capture organic shocks. There were two reasons for examining organic
matter shocks. First, the MFC response to different organic shocks and toxic chemical shocks (e.g.
Cr6+, chorine) was determined. Second, organic matter shocks occurred frequently in wastewater,
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but were unable to be detected in real-time mode. The capability of PMMFC sensors to catch the
organic shock was examined and compared with previous studies. In this study, sodium acetate
(NaAc) was selected to simulate organic contaminants in wastewater. High organic substrate
concentrations (e.g. 200mg L-1 NaAc) had been found to affect the voltage output of MFCs. The
NaAC concentration shock was selected as 200mg L-1 by injecting 60 µL of concentrated NaAc
solution (100 g L−1) into the container.

3.2.5 Shock significance analysis of PMMFC power outputs
Two datasets were selected from each concentration shock (Cr6+, NaClO and NaAC) to evaluate
the shock significance of power output and distinguish the PMMFC sensor signals from noises.
One dataset was taken 120 mins before shock injection, and the other was taken during the shock
period (SP) defined as the period from the shock injection to the stable power output. Statistical
regression analysis of these datasets was performed using Microsoft Excel with data regression
analysis. The whole analysis were duplicated in three times for the data obtained from the duplicate
shock tests (data not shown).

3.2.6 Biofilm formation on the anode membrane
Biofilms growing on the anodes of PMMFCs and CCMMFCs after 1-month period were observed
using a scanning electron microscope (SEM) (Model: Joel6335F) as previously described [31].

3.3 Results and discussion
3.3.1 Acclimation and power output of MFC sensors
Anode materials directly affected the power output of MFC sensors when put into wastewater. The
power output of the PMMFC and PSMFC sensors instantaneously stabilized at 0.33 mW and 0.08
mW, respectively, while the power output of CCMMFC was only 0.06 mW within 3 hours after
installation. Because power output is associated with bacterial electrogenic activities [3-6], this
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discrepancy showed that sufficient bacteria attached to the anode filter paper (PMMFC and
PSMFC) and started the electron transfer instantaneously after being exposed to wastewater. In
contrast, it took traditional carbon cloth (CC) anode at least 3~15 days to acclimate bacterial growth
[1, 12-15]. Filter paper has more fine fibers and higher surface area than carbon cloth (SEM
images), which accelerated the biofilm formation. Previous studies found that the short acclimation
time of filter membrane-based anode MFC was closely correlated with its strong absorption
capacity and large surface area [29, 32]. The microporous filter paper (porous size: ~20µm) used
in the study exhibited the almost same characteristics as microporous filter membrane (Mixed
Cellulose Ester Membranes, pore size: 0.22 μm, Millipore) with fast immobilization of bacterial
cells on the anode, and thus shortening the acclimation period of MFC sensors. In addition, the
filter paper is stronger and much less costly than filter membrane.
The internal resistances (Rin) of PMMFC, PSMFC and CCMMFC were similar around 547Ω
(polarization curve, Figure 3.2). Previous study using the same fabrication approach of coating
carbon ink on filter membrane had the Rin of about 1400 Ω. The reason for the lower Rin was that
the coarse fiber on filter paper was much easier than filter membrane to form the “coated” carbon
layer, so that the electronic conductivity enhanced on the filter paper. The power output of a MFC
is directly affected by open circuit potential (OCP) and Rin, both being associated with electrogenic
activity and system conductivity (e.g. anode, cathode, and wastewater) [34]. The power output can
be simply described as,
P = (OCP − I𝑅𝑖𝑛𝑡 )2/𝑅𝑜𝑢𝑡

3.5

where IRint is the sum of all internal losses of a MFC, I is the current (I) generated in a MFC, R out
is the resistance of the external circuit. For single-anode MFC, the power output with filter paper
(0.08mW, Figure 3.3a) was almost 4 times as the one with filter membrane (0.02 mW) [2] and was
1.33 times higher than the carbon cloth (CC) (0.06 mW, Figure 3.3a).
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Figure 3.2. Power density curves of CCMMFC and PMMFC sensors.

a.

b.
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Figure 3.3. Power output of the PMMFC, CCMMFC, and PSMFC during one month operational
period (a) and simulation of charging cycles of the integrated MFC/PMS for data transmission
within 60 minutes (Inserted figure: The frequency number of data transmission of each type MFC
sensor) (b).

Multi-anode configuration clearly enhanced the power output compared with single-anode. The
power output of the PMMFC (0.33mW) was 4 times as that of PSMFC (0.08mW) based on monthly
data (Figure 3.3a), and well corresponded with the anode number (4 anodes). In addition, the power
output of the PMMFC was 8 times as that of CCMMFC (0.04mW), demonstrating the advantage
of filter paper over CC. The main reason was that the blank areas between multi-anodes on lowconductive filter paper (as shown in Figure 3.1a) prevented the short circuit on anode, while multianode on CC were highly electronical conductive with the resistance of less than 10 Ω and easily
suffered from short circuit. Developing multi-anodes on a highly conductive CC was like forming
one big anode (electronically conductive), rather than forming multiple separated small anodes on
none-conductive filter paper. Previous studies verified that at the same area, the multiple separated
anodes collected much more electrons than a single anode [35]. This study showed that multi-anode
made on the filter paper reached much higher power output than traditional conductive CC anode.
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3.3.2 Self-sustained power generation of PMMFCs to support data transmission
Most of wastewater quality tests have been conducted off-site and caused long lag time for WWTPs
to recover after shocks. The unique feature of MFC sensor integrated with power management
system (PMS) is to harvest the energy from wastewater and support data transmission to achieve
self-sustained real-time water quality monitoring. The initial charge time (ICT) refers to the time
that PMS started charging from 0 V to Umax (2V). The power outputs of PMMFC, PSMFC and
CCMMFC for simulation were obtained by averaging the values through one-month operational
period. The common charge time (CCT) refers to the time that PMS charged from Umin to Umax. In
the simulation of MFCs integrated with PMS (Figure 3.3b), the ICT and CCT of a PMMFC were
much shorter than PSMFC and CCMMFC. The PMMFC system transferred 28 times data per
charging (60 mins in this simulation), which was much more frequent than PSMFC and CCMMFC
(only 6-7 times), and thus enhancing the stability of real-time wastewater shock sensors. It should
be noted that total power output of a PMS can be recorded using a multimeter with an integrated
chip (IC) through voltage output, making real-time recording “power output” signals possible.

3.3.3 Sensitivity of the MFC shock sensors to Cr6+ Shocks
The PMMFC sensor was examined at three concentrations of Cr6+ shocks. The power outputs of
the PMMFC sensor stabilized at 0.35 mW (based on monthly data, only 120 minutes are shown in
Figure 3.4a) before the shock injection. The power output dropped to 0.08 mW 120 minutes after
the 10 mg L-1 Cr6+ shock, and rapidly dropped to 0.01 mW 8 minutes after the 20 mg L-1 Cr6+ shock
(Figure 3.4a), meaning the 35-time drop of power output within 8 minutes. Similar membranebased MFC sensors exhibited the 6-time drop of voltage output within 8 minutes after 20mg/L Cr6+
shock, demonstrating that the PMMFC sensor had a higher sensitivity to Cr6+ shock concentrations.
The power output of the PMMFC recovered from 0.2mW (the inhibition status) to 0.33mW (the
stable status) within 60-80 hours after 20 mg/L Cr6+ shock, which was similar to membrane-based
MFC sensors in previous studies. The Cr6+, a powerful oxidizing agent tends to be irritating and
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corrosive and passes through cell membranes and induces huge oxidative stress. The sharp drop of
the power output indicated the inhibition of electrogenic bacterial activities upon Cr6+ shocks, even
though Cr6+ solutions increased wastewater ionic strength and conductivity. The duplicate test
followed the same trend. The response of the CCMMFC followed the same trend as the PMMFC,
but in a much mild mode (Figure 3.4a), indicating that the PMMFC sensor could prevent the false
signals.
The slope of the signal curve after 10 mg L-1 Cr6+ shock demonstrated that the power output slope
(0.022) of PMMFC was about 2.5 times as the voltage output slope (0.008, Figure 3.4b), indicating
that multi-anode configuration and parallel connection could almost linearly increase the power
output of MFCs and lead to an easy detection of shock signals. It should be noted that the slope of
0.022 was achieved with 4-anode, and would certainly keep increasing with more-anode (e.g. 8,
12, 20 paper-based anodes) so that the sensitivity of the MFC sensors can be further enhanced.
a.

b.
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Figure 3.4. Sensitivity of MFC sensors to Cr6+ shocks. (a: power output response of PMMFC and
PSMFC sensor under 5, 10, and 20 mg L-1 Cr6+ shock; b: power output and voltage output of
PMMFC sensor under 10 mgL-1 Cr6+ shock).

3.3.4 Sensitivity of the PMMFC shock sensors to NaClO Shocks
The power output responses of the PMMFC sensor to NaClO shocks were similar to Cr6+ shocks.
Instead of a sharp power drop upon Cr6+ shock, a jump of power output was observed with the
increase in NaClO concentration. The 200 mg L−1 NaClO shock cause a sharp power drop from
0.35mW to 0.025 mW within 120 mins after injection (Figure 5a), compared with a slow power
drop after 100mg L-1(0.35mW to 0.13mW) and 50mg L-1 NaClO (0.35mW to 0.08mW). Unlike the
20 mg/L Cr6+ as the acute toxic element inhibiting anaerobic electrogenic bacteria rapidly (Figure
4), high concentration of HClO, the main chemical compound after the dissolution of NaClO in
water induced slowly inhibit the bacteria activity. The 50mg/L NaClO caused a steady drop of
power output (Figure 5a), which was different from a slight drop of power output caused by 5mg/L
Cr6+ (Figure 4a), demonstrating that the NaClO concentration as low as 50 mg/L already inhibited
bacterial activity and reflected by the power output drop. The slope (0.0025) of the power output
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signal curve after NaClO shock was about 2 times as the voltage output slope (0.0012, Figure 5b),
meaning a better indicator for shocks.
a.

b.

Figure 3.5. Sensitivity of PMMFC sensor under NaClO shocks. (a: power output response to 50,
100, and 200 mg L-1 NaClO shock; b: power output and voltage output under 200 mg L-1 NaClO.
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Interestingly, when the NaClO concentration was increased to 1200 mg/L, the power output of
PMMFC sensors increased after injection, and the increment was consistent with NaClO
concentration (1200-4700 mg/L). Unlike the drop of power output at NaClO concentration of 50200 mg/L, the increase in power output at high NaClO concentration (1200-4700 mg/L) was caused
by the chlorine chemical fuel cell instead of microbial activity in MFCs. NaClO higher than 2.6
mg/L was reported to inactivate bacterial cells. Thus, NaClO concentration of 1200-4700 mg/L
converted MFCs to chemical fuel cells with chlorine as the major reagent (Eqs. 3.7). The standardstate reduction potential of the cathode increased from 1.229V (Eqs. 3.6) [36] to 1.63V (Eqs. 3.7)
[37], leading to a higher OCP of PMMFC sensors. HClO might react with organic matters due to
this high standard-state reduction potential, leading to the conversion of PMMFC from MFC to
chemical fuel cell. Moreover, high NaClO concentration substantially increased the conductivity
of solution, and lowered the Rin of the PMMFC sensors from 547 Ω to 262 Ω (Figure S4b). The
opposite patterns under low NaClO concentration (50-200 mg/L) and high concentration (12004700 mg/L) clearly demonstrated that the power output of PMMFCs was directly associated with
microbial activity and shock concentrations.
O2 (g) + 4 H+ (aq) + 4 e–
2 HClO (aq) + 2 H+(aq) + 2 e–

2 H2O

E=+1.229(1)
Cl2(g) + 2 H2O

E=+1.63 (2)

(Eq.3.6)
(Eq.3.7)

3.3.5 Sensitivity of the PMMFC shock sensors to NaAc Shocks
The COD concentration of the container before the NaAc shock tests was about 250 mg/L. After
sodium acetate (NaAc) shock (200 mg L−1) was injected, the power sharply jumped from 0.35mW
to 0.40 mW within 4 mins and to 0.45 mW within 12 mins (Figure 3.6). The voltage change, 0.2V
to 0.25V was similar to the change in the previous study (0.10V to 0.14 V). Previous studies found
that higher organic substrate concentrations increased the voltage output of MFCs [38-39],
mainly due to the increase in wastewater conductivity and the decrease in the Rin of MFCs. The
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slope of the signals after NaAc shock showed that power output slope (0.0063) was 3.5 times as
the voltage output slope (0.0018), well demonstrating the good sensitivity of power output signals,
leading to better sensitivity of the PMMFC.

Figure 3.6. Power output and voltage output responses of PMMFC sensor to 200 mg L-1 NaAc
shock.

3.3.6

Shock significance analysis of PMMFC power outputs

The regression slopes after high concentration shocks (e.g. 20 mg/L Cr6+, 10 mg/L Cr6+, 200 mg/L
NaClO, 100 mg/L NaClO and 200 mg/L NaAC) were 50- 100 times higher than those before the
shock, indicating the sharp drop of the power output of PMMFCs after these shocks. In addition,
the P values of the regression slope for these shocks were less than 10%, demonstrating that the
drop of the power output was related with time. The changes of the slopes and P values clearly
distinguished the power output signals from noises. For the low concentration shocks (e.g. 5mg/L
Cr6+ and 50mg/L NaClO), the regression slopes were similar to those before the shocks, meaning
that the low concentration shocks did not cause significant changes to the power outputs. The
statistical regression analysis demonstrated that PMMFC sensors with the power outputs as signals
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can clearly distinguish the shock from the signal noise. The average coefficient variation (CV) of
the power output of PMMFCs in the stable status (before shocks) was only 0.38 in all tests (data
not shown), which was similar to previous membrane-based MFC sensors (CV: 0.44), indicating
that the power output of PMMFCs in the stable status had the same pattern as the voltage output of
MFCs.

3.3.7 Significance of PMMFCs for Self-Supported in Situ monitoring “shocks” in
wastewater
The unique bioelectrochemical feature of MFCs possesses a great potential for real-time monitoring
shocks in wastewater. This study targeted at three imminent challenges (anode material, signal
sensitivity, and operational sustainability) of MFC sensors by developing paper-based multi-anode
configuration, utilizing the enlarged power output as sensor signal, and integrating MFC with PMS
to self-support sensors. With filter paper as the biofilm supporter anode and carbon ink as the
electron collector, PMMFC enhanced the power output 8 times as CCMMFC. Multi-anode
exhibited much higher power output than single anode. PMMFCs possessed distinct advantages:
short startup duration (couple hours) and high power output steadily increasing with anode number.
Using power output as the indicator is more sensitive than voltage output (clearly verified by high
signal slopes), and thus substantially reducing the possibility of false warning. More importantly,
the power simulation of PMS showed the capability of self-sustained data transmission, which can
revolutionize on-line monitoring by effectively harvesting the power generated from multi-anode
MFCs. The PMMFC integrated with PMS holds a great promise as a disposable self-sufficient realtime biosensor for general wastewater shock screening. With the good sensitivity and selfsupported data transmission exhibited by 4-anode PMMFCs, power output can be further enhanced
with more paper-based anodes packed (e.g. 8, 12), and an even better performance of PMMFC
sensors would be expected.
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Further works could be conducted to optimize the configuration of the PMMFC and enhance its
long-term monitoring performance. First, the anode material (filter paper) tested in this study lasted
for 2 months and showed a good mechanic strength. For long-term monitoring in wastewater (e.g.
months and years), advanced material with high mechanic strength and electronic activity (e.g.
nanopaper), nanoporous graphene membrane) should be developed. Nevertheless, the super low
cost and the compact structure of PMMFCs make the routine replacement possible. Second, the
carbon ink layer on the filter paper could be automatically coated using a printer rather than
manually coating in this study, which will generate an evenly-distributed carbon layer, reduce Rin
and energy loss, and ultimately achieve high sensitivity and accuracy for various shocks. Third, a
quantitative correlation of power output and shock concentrations/types should be developed for
PMMFC biosensors to validate the capability of real-time screening of shocks in wastewater.

3.4 Conclusion
Novel paper-based multi-anode microbial fuel cell (PMMFC) integrated with PMS was developed
as a “self-sustained shock sensor” for real time in situ monitoring wastewater quality. Hydrophilic
microporous paper-based anode coated with highly conductive carbon power accelerated bacterial
adhesion and electron transfer. PMMFC exhibited much shorter acclimation duration (2-3 hrs) than
traditional CCMMFC (3-15 days). With parallel anode connection, PMMFC enhanced the power
output 6 times as CCMMFC, and 4 times as single anode MFC. Power output of PMMFC was
more sensitive than voltage output under various shocks (heavy metal, disinfectant, and organic
compound), verified by the power output slope 2.5-3.5 times as the voltage output. The statistical
analysis of PMMFC signals showed that the regression slopes distinguished shock concentrations.
The PMMFC integrated with PMS effectively enhanced the power output of parallel-connected
multi-anode, possessed tight paper-packed structure, and achieved high sensitivity to a wide range
of shocks.
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Chapter 4

4 Real-time in situ Sensing of Multiple Water Quality Related
Parameters Using Micro-Electrode Array (MEA) Fabricated
by Inkjet-printing Technology (IPT)

Water and wastewater treatment processes has been monitored using expensive yet inefficient
“single-point” probes that can only measure single parameter at single point without obtaining a
complete picture of physicochemical or biochemical status. The study targeted at this crucial
challenge by developing novel micro-electrode array (MEA) sensors using ink-jet printing
technology (IPT). Multiple mm-sized electrodes were printed on a flexible film for simultaneous
monitoring of multiple parameters at high temporal and spatial resolution. The calibration of four
types of MEA sensors (temperature, conductivity, dissolved oxygen and pH) in water solution
showed high coefficient of determination (R2 > 0.99) between the MEA readings and the parameter
targeted. The shock tests demonstrated high accuracy of MEA sensors and rapid response with a
reading frequency of 0.1 s, which captured the shock impacts in more details than commercial
probes. Furthermore, patterning multiple types of MEA sensors on a single film enables the autocorrection between the parameters targeted and reduces the measurement errors. MEA surface
property observed during 4-week immersion into wastewater and waste sludge revealed the intact
structure and high mechanic stability. The study clearly demonstrated the unbeatable advantages
of MEAs over existing “single-point” probes: compact sensor configuration, multiple-parameter
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monitoring in a single measurement, easy fabrication and ultra-low cost ($0.2/sensor), which will
decode the system “black box”, provide complete dataset for switch control strategy, and enhance
the treatment performance at the lowest capital and operational cost.

4.1 Introduction
Fundamental physical and chemical parameters reflect the operational status of diverse
water/wastewater

treatment

processes

including

aerobic/anaerobic

systems,

coagulation/flocculation units and disinfection contact tanks [1-3]. A holistic understanding of
heterogeneity inside a given system is critical to optimize and troubleshoot operation under
dynamic changing conditions. However, traditional sensors can only measure single parameter at
single sampling point [4-6], and fails to profile the complete picture of operational status. While
the development of multi-parameter meters (e.g., multiple probes packed into a single rigid
cartridge) have improved monitoring, these meters still only measure parameters at a single point
making it impossible to monitor dynamic waste streams in a heterogeneous system [7-10]. Besides,
it is costly and requires large space. A cartridge hosting 3 probes (e.g. temperature, pH, oxygen) is
1.5 m long and 0.5 m diameter for the permanent installation model, with a cost of $25,000–$50,000
[11]. For a system requiring the profile of multiple parameters at high temporal and spatial
resolution, numerous multi-parameter meters will be needed (e.g. 200–500 probes) with
prohibitively high cost and space. Solving this problem requires development of a cost effective
and rapid sensing device.
Micro-scale glass pipette electrodes have been developed to measure the chemical profiles inside
biofilms and activated sludge flocs [12-14]. These needle-shaped micro-electrodes were fabricated
by either shielding a tapered metal wire with a glass micropipette or filling a glass micropipette
with a low melting point alloy (e.g. Pt) [12-14]. However, the fragile glass pipette structure, timeconsuming fabrication, and the need for bulky micromanipulator to position micro-electrodes posed
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severe problems for field applications. Until now, glass pipette micro-electrodes have only been
used in the well-controlled lab-scale systems [12-14]. In the last decade, a micro-fabrication
method-photolithography with chemical vapor deposition (termed as PCVD) was developed for
fabricating durable micro-scale electrical sensors to monitor water quality (e.g. metals, cyanide and
formic acid) [15-19]. But PCVD process is complicated due to high temperature metal vapor (e.g.
gold, platinum, etc.) deposition, photomask preparation, photoresist and etching [15-19]. The strict
fabrication condition (e.g. high temperature, dust-free and yellow filter requirement) limits the
selection of rigid sensor materials (e.g. silicon, silicon oxide) that is difficult for direct deployment
in water/wastewater treatment systems [15-19]. In addition, high cost photomask and metal
deposition in PCVD protocols severely limits the mass production of diverse types of electrical
sensors [15-19].
A new fabrication method- inkjet printing technology (IPT) has gained high interests due to three
breakthroughs over PCVD [20-22]. First, the IPT process only involves two steps: substrate
material preparation and inkjet printer setup, which is much easier than PCVD process needing
over 10 steps [15-19]. Second, the IPT can be easily conducted at room temperature and pressure,
and thus greatly broadening the selection of sensor substrate materials (e.g. flexible thin polyimide
film) that can easily have deployed in water/wastewater systems [22]. Third, the cost of a sensor
fabricated using IPT is only $0.2 (mainly the ink cost), about 1/150 of the one using PCVD, which
makes the mass fabrication of miniature sensors feasible [22]. IPT has been used to fabricate
sensors for detecting hydrogen sulfide and humidity in the air and identifying cancer biomarker
protein [20-22]. There has been no report regarding the IPT-fabricated sensors for water quality
monitoring.
The objective of this study was to tackle the challenge of real-time in situ water monitoring by
developing durable, inexpensive micro-electrode array (MEA). Specifically, four types of MEA
sensors targeting critical water-quality parameters (two physical parameters: temperature and
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conductivity; two chemical parameters: DO and pH) were fabricated using IPT technology. The
innovation lied in precise patterning multiple mm-sized electrodes on a flexible plastic film that
can be easily installed inside treatment systems to rapidly profile multiple parameters, and thus
elucidating the heterogeneous status of systems for decoding the “black box” and executing
proactive control strategies.
There were four tasks in this study. First, physical MEAs (temperature and conductivity) were
fabricated and then calibrated using the standard linearity models by measuring the resistance of
MEAs. Second, chemical MEAs (pH and DO) were fabricated and then calibrated using the
electrochemical method to establish the standard linearity model between the MEA signals with
pH and/or DO. Third, the sensitivity and accuracy of each type MEAs were validated in shock tests
simulating water/wastewater processes. The response time of each MEA to shocks was examined
and compared with commercial probes. Shock models were developed based on the real-time MEA
data. Finally, the long-term stability of MEAs was examined by inserting MEAs into wastewater
and activated sludge for over 1-month period.

4.2 Materials and methods
4.2.1 Sensor material preparation
The Kapton FPC film (thickness: 127 μm, American Durafilm) was washed with deionized water
(DI water) and ethanol prior to the usage as the sensor substrate. Compared with the rigid silicon
wafer, the flexible Kapton film had the distinct advantages of easy deployment/replacement,
durable structure and high robustness. Gold (III) chloride trihydrate, 1-dodecanethiol,
tetraoctylammonium bromide, sodium borohydride, N-hydroxysulfosuccinimide, 1-ethyl-3-[3dimethylaminopropyl], and carbodiimide hydrochloride (Sigma-Aldrich Co.) were used to
synthesize the gold ink (Dodecane thiol-protected gold nanoparticles) for MEA working electrodes
[22-23]. Silver nanoparticles ink (SunTronic® Silver, Sigma-Aldrich Co.) was used as the silver
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ink for MEA reference electrodes [24-27]. Poly (amic acid, Sigma-Aldrich Co.) ink was used as
the waterproof layer printed on the top layer of MEAs and was prepared by diluting 10% (m/m)
poly (amic acid) solution in highly pure N-methyl-2-pyrrolidone (NMP) to 1% (m/m) [22]. Iridium
(IV) chloride, hydrogen peroxide and potassium oxalate (Fisher Scientific Co.) were prepared for
iridium tetrachloride solution for pH working electrode [24-28]. Phosphate-buffered saline (PBS)
solution was prepared by mixing sodium hydrogen phosphate, sodium chloride, potassium chloride
and potassium dihydrogen phosphate (Fisher Scientific Co.) in the DI water, and was used for the
stabilizing solution for the pH working electrodes.
A Dimatix Materials Printer (ModelDMP-2800, FUJIFILM Dimatix, Inc. Santa Clara, CA) was
used for printing MEA sensors. The liquid crystal polymer printer cartridges (Model DMCLCP11610, Dimatix 10 pL) were used for all the inks (gold, silver and poly amic acid inks). The printing
pattern was designed using the AutoCAD program and transferred by the LinkCAD program. Each
pattern of a MEA was printed with a 15 μm space between the ink drops by using a customized
printing waveform, with each pattern being printed using two jets for facile detection of any
potential clog.

4.2.2 MEA printing pattern design
A typical MEA pattern consisted of DO sensor, pH sensor, temperature sensor and conductivity
sensor (from left to right, Fig. 3.1). Each MEA sensor had three layers: the substrate layer (Kapton
film), the electrode layer and the water-proof layer (Fig. 4.1). Each electrode layer was printed
using specific type of metal inks (e.g. gold ink for the working and counter electrodes, and silver
ink for the reference electrodes). Specifically, the pH and DO sensors possessed the three-electrode
configuration (Fig. 4.1) [29] including one working electrode (gold ink), one counting electrode
(gold ink) and one reference electrode (silver ink). For the pH sensor, the working electrode was
modified using iridium oxide that was widely used for pH detection [19, 24, 27-28] after the gold
the silver layers were printed on the film. The temperature sensor printed solely using the gold ink
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was a resistance thermometer [15-17] in which the change of resistance was directly associated
with temperature. The conductivity sensor printed solely using the gold ink was a four-electrode
sensor to measure the resistivity of water solution [30-31], which directly reflected the total amount
of dissolved salts in a water solution [32].
a.

b.

Figure 4.1. Diagram of DO, pH, temperature and conductivity MEA sensors (a) and layers on each
MEA sensors (b).
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4.2.3 MEA fabrication protocols
Before printing MEAs, a clean Kapton polyimide film (FPC, size: 22 × 28 cm) was placed in the
Dimatix printer, heated to 35 °C and secured using a platen vacuum. The gold electrode layer, the
silver electrode layer and the waterproof layer were printed sequentially on the Kapton substrate
films following the same process. During the printing process, the gold nanoparticle ink cartridge
in the Dimatix printer was visually checked using a high-speed drop camera to ensure the consistent
ink droplet formation. The printer was aligned with the Kapton film, and the patterning program
was set to allow for printing multiple sensor arrays simultaneously, with a space of 3–5 cm between
each sensor array. Specifically, the gold nanoparticle ink was first printed onto the film, followed
by heating to 200 °C for 3 min or until the color of the gold layer lightened which indicated the loss
of the dodecane thiol layer and the decrease in the resistance of the MEA gold layer [22]. The film
was then rinsed with the DI water and aligned before printing the silver layer, and then the film
was heated to 150 °C for 10 min or until the color of the silver layer lightened [22]. Finally, the
poly (amic acid) layer was printed on the top of the silver layer and the film was heated to 200 °C
for 30 min for imidization of the poly (amic acid) solution.
The MEAs were placed in 0.18 M sulfuric acid (H2SO4, Fisher Scientific Co.), connected to a
potentiostat, and cycled from −0.2 V to +1.5 V vs. SCE to clean the electrodes [22]. After the
cleaning, temperature sensors, conductivity sensors and DO sensors did not need further
modification, while the pH sensors were modified by electrochemically coating an iridium oxide
(IrOx) layer on the working electrode using cyclic voltammetry (CV, Gamry Reference 600) at a
scanning potential from −2.0 V to +0.8 V, and the scan rate of 100 mV/s for 12 cycles. Afterwards,
all MEA sensors were dipped into 1 mL PBS buffer solution (pH 7.41) for 2 days to stabilize and
reduce the signal drift in water solution. Finally, MEA sensors were connected with the copper wire
and coated with the sealant silicone (Dow Corning 734 Flowable Sealant) as the waterproof layer
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on the electrode connection pads. The mm-sized electrodes uncovered by the waterproof layer were
directly exposed to water solution.

4.2.4 MEA calibration
Each type of MEAs was calibrated at room temperature (20 °C) with four-time duplication. For the
temperature MEA, the working electrode and counter/reference electrodes were individually
connected with a potentiostat (Gamry Reference 600). The MEA was immersed into the DI water
in a beaker on the heater (Thermolyne 1000 hotplate). A commercial temperature sensor (Thermo
Scientific Orion 3-star conductivity meter) was put into the beaker near the MEA as the control
measurement (Fig. S3a). When the water solution started heating from 20 °C to 50 °C (simulating
adversely high wastewater temperature) [33] and then cooled to 4 °C (simulating cold nature water)
[34], the temperature MEAs were applied with the current-time program at a setting potential 0.2
V, and the MEA readings were recorded each 100 s for 2300 s.
For the conductivity MEA, two outer electrodes (Fig. 4.1) were connected with a direct current
(DC) power supply (GWinstek SFG 1013) that provided the stable current, while the two inner
electrodes were connected with the working electrode and counter/reference electrodes of the
potentiostat. The conductivity (from 197 μs/cm to 152 ms/cm) of nineteen sample solutions made
by dissolving different amounts of sodium chloride (NaCl, Fisher Scientific Co.) into the DI water
(Fig. 2b) was measured by the commercial conductivity meter (Thermo Scientific Orion 3 star
conductivity meter). The conductivity MEAs were applied with a 60-s open potential program for
each sample during calibration. The data used for the conductivity calibration was the average of
the 60-s data.
For the DO MEA, three electrodes (Fig. 4.1) were individually connected with the working
electrode, the counter electrode and the reference electrode of the potentiostat. Six solutions with
different DO concentrations (0.2–8.91 mg/L) were made by dissolving different amounts of sodium
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sulfite (Na2SO3, Fisher Scientific Co.) into the fully aerated solution [35]. The DO MEAs were
applied using cyclic voltammetry (CV) at a scanning potential from −0.9 V to 0 V, and the scan
rate of 200 mV/s for 12 cycles, and were validated with a commercial DO meter (Thermo Scientific
Orion 3 star DO meter).
For the pH MEA, three electrodes were individually connected with the working electrode, the
counter electrode, and the reference electrode of the potentiostat. Six pH solutions (pH: 2, 3, 5, 6,
8 and 9) were prepared using hydrochloric acid (HCl), sodium hydroxide (NaOH), Sodium chloride
(NaCl), potassium hydrogen phthalate, phosphate, and Tris buffer solution (Fisher Science, Co.)
[19, 24, 27-28]. The pH MEAs were applied using a 100-s potential-time measurement for each
sample, and validated using a commercial pH sensor (Thermo Scientific Orion 3-star pH meter).

4.2.5 MEA lab shock tests
MEA lab shock tests were conducted to examine the accuracy and the response time of MEAs
during the transient shock period. Each MEA shock test was duplicated for four times. For the
MEAs lab shock tests, the MEAs and the commercial sensor were put into a beaker with the original
solution (500 mL). The connection between the electrodes of the MEAs (temperature, conductivity,
DO and pH) and the potentiostat was the same as the calibration process. The shock solution (50
mL) was injected into the original solution 60 s after the potentiostat electrochemical program
started. For the temperature shock, the shock solution (hot DI water) increased the temperature
from room temperature (20 °C) to 50 °C using the heating plate. The temperature observed by the
commercial temperature sensor was recorded each 30 s after the I-t program of the potentiostat
started. For the conductivity shock, shock solution (1000 mg/L NaCl) was injected into the original
solution (2 mg/L NaCl). The conductivity observed by the commercial conductivity sensor was
recorded each 30 s after the resistance measurement program of the potentiostat started. For the
DO shock, oxygen gas was first pumped into the original solution to reach the saturated DO (about
8.91 mg/L). The shock solution was the DI water dissolved with sodium sulfite (Na 2SO3, Fisher
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Science, Co.) as the oxygen scavenger for one hour to reduce the DO to 0.2 mg/L, which was
verified by the commercial DO sensor. The DO shock solution was rapidly injected into the fully
aerated solution, during which the DO was recorded using the DO MEA and compared with the
commercial probe. For the pH shock, the shock solution (0.01 M HCl solution at pH of 2.09) was
rapidly injected into the original solution (20 °C DI water at pH of 7.08). The pH measured using
the pH MEAs was recorded each 30 s after the potential-time program of the potentiostat started,
and compared with the commercial pH sensor.

4.2.6 Microscopic observation of MEAs immersed into wastewater and sludge
Long term stability of MEA sensors is important for monitoring of wastewater quality. Electrode
fouling caused by the attachment of biofilms and particles is an inevitable phenomenon that would
affect the monitoring accuracy and signal sensitivity in long run [36-37]. In this study, MEA
stability was examined within 4-week operational period. Multiple pieces of MEAs were immersed
into wastewater (chemical oxygen demand (COD): 250–350 mg L−1 and biological oxygen
demand (BOD): 100–300 mg L−1) and waste sludge individually that were collected from
University of Connecticut Wastewater Treatment Plant (WWTP). Every week, a MEA sample was
taken from the wastewater and sludge respectively, and gently rinsed by DI water for 5 s before the
surface observation using a digital microscope (Nikon Labophot) [38]. Because the resistance of
MEAs can directly demonstrate the electrode fouling status, the resistance of each MEA sensors
was used as the indicator of the whole MEA and measured at the ambient temperature (25 °C) using
a digital multimeter weekly for 4 weeks to elucidate the electrode fouling influence. In addition,
the accuracy of the temperature, conductivity, DO and pH MEAs was validated within 4-week
operational period.
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4.3 Results and discussion
4.3.1 Calibration of physical MEA sensors (temperature and conductivity)
Two physical MEAs (temperature and conductivity) were calibrated, in which the targeted water
quality parameters did not react with MEAs but only caused the variation of resistances of MEAs
under the fixed potential. The results showed that the current of the temperature MEAs decreased
over time with the increase in the temperature of the water solution (Fig. 4.2a). At the fixed potential
set by the potentiostat program, the resistance of the temperature MEAs (R = V/I) decreased at high
temperature, since the metal conductor used in this study, dodecane thiol-protected gold
nanoparticles (AuNPs) has a positive temperature coefficient [15-17, 39]. The temperature MEAs
were designed as the standard resistance temperature detectors (RTDs), which directly correlated
the resistance with temperature (Eqs. (4.1)) [15-17, 39].
ΔR=αRrΔT

(4.1)

where ΔR is the difference between the actual resistance and the reference resistance (Ω). α is the
temperature coefficient of resistance (TCR) ((Ω/Ω)/°C), which is also regarded as the sensitivity of
a temperature sensor [15-17, 39]. Rr, the reference resistance, is the resistance of the temperature
MEA at 20 °C (Ω). ΔT is the difference between the actual temperature and the reference
temperature (20 °C) (°C). The sensitivity (α) of the temperature MEA was 0.002 (Fig. 4.2a),
indicating that the resistance hardly changed with the variations in temperature. TCR (α in this
model, 0.002) was lower than the pure gold (0.003715 at 20 °C) [15-17], since the gold ink used in
this study was AuNPs and decreased the TCR in the model. Compared with the traditional
temperature micro-sensors fabricated using PCVD [15-17], the temperature MEAs showed the
similar sensitivity (0.0025–0.0048).
The conductivity MEAs indicated the capacity of a water solution to conduct an electric current
between two electrodes, which was highly related with the ionic strength. By increasing NaCl
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concentration, the ionic strength of the water solution increased and led to higher conductivity (Fig.
4.2b). The resistance between the two electrodes can be calculated by the average voltage between
the two electrodes at the stable current during 100 s. The relationship between the conductivity of
the water solution and the reciprocal of the resistance between two electrodes of the MEAs was
described in Eqs. (4.2) [40].
C=K(1/R)

(4.2)

where R is the resistance between two electrodes (Ω); C is the conductivity of a solution (S/cm);
K, the cell constant, was the ratio of the distance between the electrodes to the effective area of the
electrodes (Ω S/cm). The R2 value (0.9982) indicated a high degree of linearity between the
resistance of the conductivity MEAs and the solution conductivity (Fig. 4.2b). The conductivity
MEA has a better response time (less to 0.1 s) over the commercial conductivity sensors (about 10–
30 s), with the similar R square value (>0.95) [30-31], since the four-electrode structure efficiently
reduced the effects of polarization and increased the accuracy compared with the two-electrode
conductivity structure. Furthermore, the miniature size (<1 mm) of the MEA sensors minimized
the impact of the sensor to the solution compared with traditional conductivity sensors (>100 mm)
[41]. Due to the close association between conductivity and temperature [42-43], the integration of
conductivity sensors and temperature sensors on the same film can achieve auto-correction at
different temperatures.
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b.

Figure 4.2. Physical MEA calibration curves based on the average value from four-time duplication
tests. (a: the linearity model of the temperature MEA resistance (Ω) v.s. temperature (ºC); Insert
figure: the current reading of the temperature MEA change over time. B: the linearity model of the
conductivity MEA resistance (Ω) v.s. calibration conductivity (µs/cm). Insert table: 19 water
solutions with different conductivities (2mg/L to 10000mg/L NaCl) measured using commercial
conductivity probe and conductivity MEA).

4.3.2 Calibration of chemical MEA sensors (DO and pH)
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Two chemical MEAs (DO and pH) were calibrated, in which the working electrodes of MEAs
reacted with the targeted water quality parameters and caused the current/potential variation. The
cyclic voltammetry (CV) model of the DO MEA was described as below [44-46].
𝑖
𝑖0

𝑖

𝑖

1,𝑐

1,𝑎

= (1 − 𝑖 ) 𝑒 −𝛼𝑛𝑓𝜂 − (1 − 𝑖 )𝑒 (1−𝛼)𝑛𝑓𝜂

(4.3)

where i0 is the exchange current, α the transfer coefficient; n is the number of electrons; f is the
ratio of Faraday’s constant to that of the ideal gas constant and temperature; η is the over-potential,
and il,c and il,a are the diffusion limited cathodic and anodic currents, respectively. The model
described the two regions: the kinetic control region with low bias (Region 1) and the diffusion
control region with high bias (Region 2). The current was proportional to the DO concentration in
the Region 2 (Fig. 4.3a), and the current value used for the model was set as the current at the
potential (0.75 V) in the Region 2. The high R2 value (0.9955) reflected an excellent linearity
between the current and the DO concentration (Fig. 4.3a). Previous study found that the accuracy
of DO sensors was associated with the size of the working microelectrodes (10–20 mm) and the
space between the working electrode and the reference electrode [44, 46]. The higher R2 value
(0.9955) in this study was a bit higher than that (0.95) in the previous study [44, 46], since the
working electrode of the DO MEA was less than 8 mm and the space between the working electrode
and the reference electrode was only 1 mm, which reduced the electron transfer resistance and
enhanced the sensor accuracy.
The potential of the pH sensor decreased with pH increasing (Fig. 4.3b). The linearity relationship
between the potential and the pH was described as the Nernst Equation (Eq. (4.4)) [19, 24, 27-28].
𝐸 (𝑇) = 𝐸°(𝑇) +

2.303 𝑅∗𝑇
𝑛∗𝐹

∗ 𝑝𝐻

(4.4)

Where E (T) is the potential of the pH temperature; E°(T) is the constant standard potential (mV)
at temperature T (Kelvin); R is the molar gas constant (8.3144 J mol−1 K−1); F is the Faraday
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constant (96485C mol−1); T is the temperature (Kelvin); n is the charge of the ion; The entire term
(2.303RT/nF) is the slope of the Nernst Equation [19, 24, 27-28]. Based on the Faraday’ law, the
voltage of all the V-t curves (pH: 2, 3, 5, 6, 8 and 9) dropped slowly over time. The 80th-second
voltage was regarded as the stable voltage, since it only drifted 0.19 mV within 20 s (from 80th
second to 100th second), and thus being used as the E (T) in this study [19, 24, 27-28]. High R2
value (0.9987) showed an excellent linearity between pH and the MEA potential (Fig. 4.3b). The
slope of (−67.5 ± 0.5 mV/pH) (Fig. 4.3b) was slightly lower than that (70 mV/pH) in previous
studies [19, 24, 27-28], since the calibration temperature was 20 °C in this study rather than 25 °C.
Furthermore, previous studies found that the drift was around 2–47 mV (1–20 μV/s) after the
conditioning period (10 min) [19, 24, 27-28], while the drift of the pH MEA in this study (pH 8)
was about 0.19 mV in 20 s (10 μV/s) after the conditioning period (80 s.). The shorter conditioning
period was caused by the smaller size of the pH MEA (mm-sized) than the traditional pH sensor
(cm-sized) that increased the stability of the pH MEA. However, the reference electrode of the pH
MEA was printed using silver (Ag) nanoparticles, which had a lower potential stability than silver
chloride (AgCl) used in traditional pH sensors [27-28]. Therefore, modification to the reference
electrode using AgCl might further increase the stability of the pH MEAs.
Similar as the conductivity MEA, the pH sensor should be real-time corrected with temperature to
obtain a high accuracy of pH measurement. The slope (2.303RT/nF) indicated that temperature
significantly influenced the sensor open potential and the pH value. The influence factor of the
temperature was set as 0.06 pH/°C [47], meaning that pH readings would change when the
temperature of the water solution became different from the reference temperature (20 °C).
Integrating pH sensor and temperature sensor in a MEA would effectively eliminate the potential
temperature error by real-time auto adjusting the slope.
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Figure 4.3. Chemical MEA calibration based on the average value from four-time duplication tests.
(a: the linearity model of the DO MEA current (µA) v.s. DO (mg/L). Insert figure: CV pattern of
the DO MEA at different DO concentrations; b: the linearity model of the pH MEA potential (V)
v.s. pH. Insert figure: potential readings of the pH MEA changes over time).
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4.3.3 Sensitivity and accuracy of MEAs under shocks of temperature and
conductivity in water solutions
The sensitivity and accuracy of MEAs were examined in a water solution under the shocks of each
parameter. The temperature of the solution was stable at 20 °C before the shock tests (Fig. 4.5a).
When the shock input (50 mL solution of 50 °C) occurred on the 60th second, the temperature
increased rapidly within next 5–10 s and reached 22 °C on 80th second. Finally, the reading of the
temperature MEA stabilized at 22.4 °C (Fig. 4.5a), which was almost the same as the theoretic
temperature of the final mixture solution (22.73 °C). The accuracy of the temperature MEA was
validated using a commercial temperature sensor. The ratio of the estimated temperature (based on
the temperature MEA) to the actual temperature (based on the commercial temperature sensor)
ranged between 98.75% and 101.25%, demonstrating that the superb accuracy of the temperature
MEA (>100 ± 1.25%). In addition, the I-t program recorded the current every 0.1 s (Fig. 4.4a) and
caught the current change simultaneously under the shock. This rapid response time of the
temperature MEA was much shorter than that of commercial temperature sensors (about 5–20 s),
and enabled the capture of the transient shock (lasting less than 5–10 s) (Fig. 4.5a). The temperature
shock pattern consisted of three stages: the stable stage (before the shock), the fast increase stage
(during the shock) and the slow increase stage (after the shock) (Fig. 4.5a). At the fast increase
stage and the slow increase stage, the temperature increase was linearly related (R2 > 0.98), and
the temperature increase rate of the fast increase stage (0.2927 °C/s) was about 70 times as that of
the slow increase stage (0.0042 °C/s) (Fig. 4.5a). The fast increase stage was caused by the direct
heat transfer from the high temperature shock solution to the low temperature original solution,
while the slow increase stage was caused by the partial heat diffusion in the mixture solution the
addition of the shock solution.
For the conductivity shock, the original solution (2 mg/L NaCl solution, 500 mL) had the
conductivity of 4.4 μS/cm to simulate the clean water sources (conductivity lower than 200 μS/cm
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[48]). The shock input (1000 mg/L NaCl solution, 50 mL) had the conductivity of 1980 μS/cm to
simulate the saline wastewater, which was verified by the commercial conductivity sensor.
According to relationship between the NaCl concentration and the conductivity [32], the final
mixture solution with the NaCl concentration of 92.73 mg/L had the calculated conductivity of 195
μS/cm, which was close to the measurement results of the conductivity MEA (191 μS/cm, Fig.
4.5b). The ratio of the estimated conductivity (based on the conductivity MEA model and
temperature correction) to the actual conductivity (based on the conductivity commercial sensor)
ranged between 98.50% and 101.50%, demonstrating that the superb accuracy of the conductivity
MEA (>100 ± 1.50%) (Fig. 4.4b). In addition, similar as the temperature MEA, the potential-time
program was recorded every 0.1 s or less (Fig. 4.5b), and thus capturing the current change
simultaneously under the shock. The shock pattern measured by the conductivity MEA exhibited
three stages: stable stage (before the shock), increase stage (during the shock) and decrease stage
(after the shock) (Fig. 4.5b). The conductivity instantaneously increased after the shock injection,
and the maximum conductivity (256.9 μS/cm) was even higher than the final conductivity value
(Fig. 3.5b) due to the rapid diffusion of the shock solution into the original solution. Afterwards,
the conductivity value of the mixed solution gradually dropped and stabilized to the final
conductivity (190.8 μS/cm), which fit into the theoretical value of the mixed solution (185 μS/cm).
These transient changes of the conductivity shock were not captured by the commercial
conductivity probe that could only record the steady increase of conductivity to the final value (Fig.
4.5b).
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Figure.4.4 The ratio of the parameter values estimated by the MEA parameter model (based on
four-time duplication tests of each MEA sensor) to the actual parameter values measured by the
commercial parameter sensor. (a: temperature, b: conductivity, c: DO and d: pH). (Blue dot: the
ratio value of each MEA test; Red dash line: 100% match between the parameters values of MEA
and commercial probes).
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Figure.4.5 The response of MEA sensors and commercial probes to the shocks of temperature and
conductivity (Typical trend from four-time duplication tests). (a:
conductivity shock. Insert figures: slopes of MEA shock response curves).
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temperature shock; b:

4.3.4 Sensitivity and accuracy of MEAs under shocks of DO and pH in water
solutions
For the DO shock, the original solution had the DO concentration of 8.91 mg/L, and the shock
solution had the DO of 0.2 mg/L. The DO concentration of the final mixed solution was about 8.13
± 0.26 mg/L and verified by the commercial DO sensor. Because the DO MEA monitored the DO
concentration by acquiring different reduction currents in cyclic voltammetry (CV) programs [4446], it took a long duration period (around 2 min) and could not capture the transient shock details
as commercial DO probes [44-46] (Fig. 4.6a). Previous study found that modifying the DO working
electrode with platinum nanoparticles could allow the usage of the reduction current-time program
for obtaining datasets [46], which was expected to shorten the data acquisition time and enable
recording more details of DO shock. The ratio of the estimated DO (based on the DO MEA model)
to the actual DO concentrations (based on the reading of the commercial DO probe) ranged between
98.50% and 101.50% (Fig. 4.4c), demonstrating that the superb accuracy of the DO MEA (>100 ±
1.50%).
For the pH shock, the original solution (DI water at 20 °C) had the pH of 7.08, and the shock
solution had the pH of 2.09. Based on the conservation of electric charge and the volume ratio, the
final mixed solution had the pH of 3.04, which was verified by the commercial pH probe (pH
reading: 3.06). The ratio of the estimated pH (based on the pH MEA model) to the actual pH (based
on the pH commercial probe) ranged between 98.50% and 101.50% (Fig. 4d), demonstrating the
superb accuracy of the pH MEA sensor (>100 ± 1.50%). The pH shock profile of the pH MEA
showed that pH instantaneously dropped after the pH shock injection, and the bottom point (pH:
1.24) of the pH profile was even lower than the final pH value (Fig. 3.6b) due to the rapid diffusion
of the shock solution into the original solution. Then the pH value of the mixed solution gradually
increased and stabilized to the final pH (pH: 3.06), which fit the theoretical value of the mixing
final pH (pH: 3.05). These transient changes of the pH shock were not captured by the commercial
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pH probe that could only record the steady decrease of pH to the final value (Fig. 3.6b). Because
the pH MEA recorded the open potential every 0.1 s and the mm-sized pH MEA was much smaller
than the commercial pH sensor (∼8–10 mm), the pH MEA sensors exhibited high accuracy and
fast response time.
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Figure.4.6 The response of MEA sensors and commercial probes to the shocks of DO and pH
(Typical trend from four-time duplication tests). (a: DO shock; b: pH shock. Insert figures: slopes
of MEA shock response curves).

4.3.5 Long-term stability test of MEA sensors to the wastewater and the wasted
sludge
The stability of MEA sensor is critical for long-term wastewater monitoring. Electrode fouling
caused by the attachment of inorganic/organic particles has been well known to cause the
deterioration of sensor accuracy and stability [36-37]. The MEA surfaces did not have obvious
change based on macroscopic and microscopic observation during 4-week immersion in
wastewater and waste sludge. The resistance of the temperature MEA slightly increased with the
time, since the trace biofilms reduced the surface area of the MEA. However, the low slope (1.226)
of the regression indicated that the resistance of the temperature MEA only decreased less than
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0.1% in one week, demonstrating the high stability of the MEA. Furthermore, the accuracy of the
MEAs (temperature, conductivity, DO and pH) had no obvious change within the 4-week
operational period, with the reading accuracy of 100% ± 1.25% (max. ±2.0%) compared with
commercial probes. There were three main reasons for the good stability of MEA sensors. First,
the whole MEA entity except electrodes in the working electrode was coated with the waterproof
layer (poly ink/sealant silicone), which prevented the attachment of inorganic/organic particles on
the electrode layer directly [22, 49-51]. Second, the smooth surface of the substrate (Kapton film)
prevented the attachment of inorganic/organic particles [50-51]. Third, gold and silver
nanoparticles printed on the mm-sized electrodes (Fig. 1) had been found to have high anti-fouling
capability [20-22, 52].

4.3.6 Significance of MEA profiling in water/wastewater treatment
Water quality monitoring is critical to reveal the operational status and provide high quality dataset
for system control and adjustment in water and wastewater treatment processes. Existing expensive
yet inefficient “single-point” probes and “multi-parameter” meters can only monitor parameters at
single point without obtaining the complete picture of system status. This study aimed at renovating
water quality monitoring technology by patterning multiple types of mm-sized electrodes on a
single flexible film using IPT. MEA sensors achieved real-time in situ multiple-parameter
monitoring in a single measurement, and provided a complete dataset of system physic-chemical
and biochemical status. MEA sensors exhibited high accuracy, excellent signal stability, rapid
response time and long-term robustness, which pose a great potential to detect the fluctuant water
quality in treatment processes. The IPT fabrication possesses three major breakthroughs over
traditional PCVD: facile fabrication condition, flexible MEA film structure and low fabrication
cost, which makes the installation of multiple MEAs possible to ensure high resolution sensing of
complex infrastructure, and execute swift and proactive decision-making strategy. The batch tests
in real wastewater and waste sludge clearly showed the high stability of MEA sensors. Future study
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will be conducted in continuous flow wastewater systems to validate the anti-fouling capability of
MEA sensors.

4.4 Conclusion
Novel micro-electrode array (MEA) fabricated using IPT were developed in this study as a water
quality sensing technology. By printing multiple mm-sized electrodes on a single flexible film, the
MEA possessed distinct advantages over traditional “single-point” probes: small sensor size,
compact structure, multiple-parameter measurement in a sampling, easy fabrication and
deployment, long-term stability, and ultralow low cost. Four types of MEA sensors (temperature,
conductivity, DO and pH) showed high accuracy in the calibration tests, and fast response time and
excellent sensitivity in the shock tests. MEA sensors revealed more transient details than
commercial probes, and achieved the auto-correction. Four-week tests in wastewater and waste
sludge showed MEA surface was still intact and exhibited a high stability for long-term
applications. The study clearly demonstrates that MEA technology will enable the heterogeneous
profiling with a simple easy configuration, and provide high resolution sensing of complicated
water/wastewater treatment infrastructure.

Reference
[1]. L. Van Vooren, M. Van De Steene, J. P. Ottoy & P. A. Vanrolleghem, Automatic buffer
capacity model building for the purpose of water quality monitoring, Water science and technology
43.7 (2001): 105-113.
[2]. I. Stoianov, L. Nachman, S. Madden, & T. Tokmouline, PIPENET: A wireless sensor network
for pipeline monitoring, 2007 6th International Symposium on Information Processing in Sensor
Networks. IEEE, 2007.
[3]. J. P. Gibb, R. M. Schuller & R. A. Griffin, Procedures for the collection of representative water
quality data from monitoring wells. Illinois State Water Survey and the Illinois State Geological
Survey, 1981.
[4]. N. Matsche and K. Stumwöhrer., UV absorption as control-parameter for biological treatment
plants, Water science and technology 33.12 (1996): 211-218.
[5]. C. K. Hyun, E. Tamiya, T. Takeuchi, I. Karube & N. Inoue, A novel BOD sensor based on
acterial luminescence, Biotechnology and bioengineering 41.11 (1993): 1107-1111.
78

[6]. H. A. Loaiciga, R. J. Charbeneau, L. G. Everett, G. E. Fogg, B. F. Hobbs, & S. Rouhani, Review
of ground-water quality monitoring network design, Journal of Hydraulic Engineering 118.1
(1992): 11-37.
[7]. O. Bernard, B. Chachuat, A. Hélias, B. Le Dantec, B. Sialve, J.P. Steyer, L. Lardon, P. Neveu,
S. Lambert, J. Gallop and M. Dixon, An integrated system to remote monitor and control anaerobic
wastewater treatment plants through the internet. Water Science and Technology 52.1-2 (2005):
457-464.
[8]. R. M., R. A. Fenner Stuetz and G. Engin., Characterisation of wastewater using an electronic
nose, Water Research 33.2 (1999): 442-452.
[9]. O. Thomas, H. El Khorassani, E. Touraud and H. Bitar, TOC versus UV spectrophotometry
for wastewater quality monitoring, Talanta 50.4 (1999): 743-749.
[10]. W. Bourgeois, J.E. Burgess and R.M. Stuetz, On‐line monitoring of wastewater quality: a
review. Journal of chemical technology and biotechnology (2001), 76(4), pp.337-348.
[11]. R.A. Linsenmeier and C.M. Yancey, Improved fabrication of double-barreled recessed
cathode O2 microelectrodes, Journal of applied physiology (1987), 63(6), pp.2554-2557.
[12]. Paul L. Bishop and Yu Tong, A microelectrode study of redox potential change in biofilms,
Water science and technology 39.7 (1999): 179-185.
[13]. J.H. Lee, T.S. Lim, Y. Seo, P.L. Bishop and I. Papautsky, Needle-type dissolved oxygen
microelectrode array sensors for in situ measurements, Sensors and Actuators B: Chemical128.1
(2007): 179-185.
[14]. O. Korostynska, A. Mason, A. I. Al-Shamma’a, Monitoring of nitrates and phosphates in
wastewater: current technologies and further challenges, International journal on smart sensing and
intelligent systems5.1 (2012): 149-176.
[15]. C.Y. Lee, S.J. Lee, M.S. Tang and P.C. Chen, In situ monitoring of temperature inside lithiumion batteries by flexible micro temperature sensors, Sensors 11.10 (2011): 9942-9950.
[16]. Chia-Yen Lee and Gwo-Bin Lee, Micromachine-based humidity sensors with integrated
temperature sensors for signal drift compensation, Journal of micromechanics and
microengineering 13.5 (2003): 620.
[17]. Chi-Yuan Lee, Hsieh Wei-Jung and Wu Guan-Wei, Embedded flexible micro-sensors in
MEA for measuring temperature and humidity in a micro-fuel cell, Journal of Power Sources 181.2
(2008): 237-243.
[18]. Chi-Yuan Lee, Wu Guan-Wei and Hsieh Wei-jung, Fabrication of micro sensors on a flexible
substrate, Sensors and Actuators A: Physical 147.1 (2008): 173-176.
[19]. Michael L. Hitchman and Ramanathan Subramaniam, Evaluation of iridium oxide electrodes
formed by potential cycling as pH probes, Analyst 113.1 (1988): 35-39.
[20]. K. Crowley, A. Morrin, R.L. Shepherd, M. in het Panhuis, G.G. Wallace, M.R. Smyth and
A.J. Killard, Fabrication of polyaniline-based gas sensors using piezoelectric inkjet and screen
printing for the detection of hydrogen sulfide, Sensors Journal, IEEE 10.9 (2010): 1419-1426.
[21]. A. Rivadeneyra, J. Fernández-Salmerón, M. Agudo, J.A. López-Villanueva, L.F. CapitanVallvey and A.J. Palma, Design and characterization of a low thermal drift capacitive humidity
sensor by inkjet-printing, Sensors and Actuators B: Chemical 195 (2014): 123-131.

79

[22]. G.C. Jensen, C.E. Krause, G.A. Sotzing and J.F. Rusling, Inkjet-printed gold nanoparticle
electrochemical arrays on plastic. Application to immunodetection of a cancer biomarker protein,
Physical Chemistry Chemical Physics 13.11 (2011): 4888-4894.
[23]. K.Saha, S.S. Agasti, C. Kim, X. Li and V.M. Rotello, Gold nanoparticles in chemical and
biological sensing, Chemical reviews 112.5 (2012): 2739-2779.
[24]. Patrick J. Kinlen, E. Heider John and E. Hubbard David, A solid-state pH sensor based on a
Nafion-coated iridium oxide indicator electrode and a polymer-based silver chloride reference
electrode, Sensors and Actuators B: Chemical 22.1 (1994): 13-25.
[25]. C. E. W., H. McPeak Hahn and A. M. Bond, The development of new microelectrode gas
sensors: an odyssey. Part 2. O 2 and CO 2 reduction at membrane-covered gold microdisc
electrodes, Journal of Electroanalytical Chemistry 393.1 (1995): 69-74.
[26]. Francisco J. Ibañez and P. Zamborini Francis, Chemiresistive Sensing of Volatile Organic
Compounds with Films of Surfactant-Stabilized Gold and Gold− Silver Alloy Nanoparticles, ACS
nano 2.8 (2008): 1543-1552.
[27]. S.A. Marzouk, S. Ufer, R.P. Buck, T.A. Johnson, L.A. Dunlap and W.E. Cascio,
Electrodeposited iridium oxide pH electrode for measurement of extracellular myocardial acidosis
during acute ischemia, Analytical chemistry 70.23 (1998): 5054-5061.
[28]. I.A. Ges, B.L. Ivanov, A.A. Werdich and F.J. Baudenbacher, Differential pH measurements
of metabolic cellular activity in nl culture volumes using microfabricated iridium oxide electrodes,
Biosensors and Bioelectronics 22.7 (2007): 1303-1310.
[29]. H. Suzuki, T. Hirakawa, S. Sasaki, and I. Karube, An integrated three-electrode system with
a micromachined liquid-junction Ag/AgCl reference electrode, Analytica chimica acta 387.1
(1999): 103-112.
[30]. S. Kim, X.Y. Fu, X. Wang and M. Ishii, Development of the miniaturized four-sensor
conductivity probe and the signal processing scheme, International journal of heat and mass transfer
43.22 (2000): 4101-4118.
[31]. C.L. Petersen, T.M. Hansen, P. Bøggild, A. Boisen, O. Hansen, T. Hassenkam, and F. Grey,
Scanning microscopic four-point conductivity probes, Sensors and Actuators A: Physical 96.1
(2002): 53-58.
[32]. Conductivity of solution
http://msdssearch.dow.com/PublishedLiteratureDOWCOM/dh_003c/0901b8038003ccb2.pdf?file
path=liquidseps/pdfs/noreg/609-02127.pdf&fromPage=GetDoc (access 16.06.25)
[33]. Forrest Meggers and Leibundgut Hansjurg, The potential of wastewater heat and exergy:
Decentralized high-temperature recovery with a heat pump., Energy and Buildings 43.4 (2011):
879-886.
[34]. B.W. Webb, D.M. Hannah, R.D. Moore, L.E. Brown and F. Nobilis, Recent advances in
stream and river temperature research, Hydrological Processes 22.7 (2008): 902-918.
[35]. Hajime Shirayama, Tohezo Yoshimitsu and Taguchi Shigeru, Photodegradation of
chlorinated hydrocarbons in the presence and absence of dissolved oxygen in water, Water research
35.8 (2001): 1941-1950.
[36]. R.J. Geise, J.M. Adams, N.J. Barone and A.M. Yacynych, Electropolymerized films to
prevent interferences and electrode fouling in biosensors, Biosensors and Bioelectronics 6.2
(1991): 151-160.

80

[37]. Drew P. Manica, Mitsumori Yutaro and G. Ewing. Andrew, Characterization of electrode
fouling and surface regeneration for a platinum electrode on an electrophoresis microchip.,
Analytical chemistry 75.17 (2003): 4572-4577.
[38]. E.D. Salmon, S.L. Shaw, J.C. Waters, C.M. Waterman‐Storer, P.S. Maddox, E. Yeh and K.
Bloom, A high‐resolution multimode digital microscope system, Methods in cell biology 81
(2007): 187-218.
[39]. R.B. Belser, and W.H. Hicklin, Temperature coefficients of resistance of metallic films in
the temperature range 25 to 600 C. Journal of Applied Physics, 30(3) (1959): pp.313-322.
[40]. R. Analytical, “Conductivity-theory and practice,” pp. 1–50, 2004.
[41]. P.M. Ramos, J.D. Pereira, H.M.G. Ramos and A.L. Ribeiro, A four-terminal water-qualitymonitoring conductivity sensor, Instrumentation and Measurement, IEEE Transactions on 57.3
(2008): 577-583.
[42]. John J. Barron and Ashton Colin, The effect of temperature on conductivity measurement,
TSP 7.3 (2005).
[43]. M.H. Banna, H. Najjaran, R. Sadiq, S.A. Imran, M.J. Rodriguez and M. Hoorfar,
Miniaturized water quality monitoring pH and conductivity sensors, Sensors and Actuators B:
Chemical 193 (2014): 434-441.
[44]. G.W. McLaughlin, K. Braden, B. Franc and G.T. Kovacs, Microfabricated solid-state
dissolved oxygen sensor, Sensors and Actuators B: Chemical 83.1 (2002): 138-148.
[45]. A.J. Bard and L.R. Faulkner, Electrochemical Methods Fundamentals and Applications,
Wiley, New York, 1980, pp. 1–277.
[46]. R.D.C.S. Luz, F.S. Damos, A.A. Tanaka and L.T. Kubota, Dissolved oxygen sensor based on
cobalt tetrasulphonated phthalocyanine immobilized in poly-l-lysine film onto glassy carbon
electrode, Sensors and Actuators B: Chemical 114.2 (2006): 1019-1027.
[47]. John J. Ashton, Colin Barron and Geary Leo, The Effects of Temperature on pH
Measurement, TSP 1.2.
[48]. M.H. Daniel, A.A. Montebelo, M.C. Bernardes, J.P. Ometto, P.B. De Camargo, A.V.
Krusche, M.V. Ballester, R.L. Victoria and L.A. Martinelli, Effects of urban sewage on dissolved
oxygen, dissolved inorganic and organic carbon, and electrical conductivity of small streams along
a gradient of urbanization in the Piracicaba river basin, Water, Air, and Soil Pollution 136(1-4)
(2002): 189-206.
[49]. Soo-Jin Park, Eun-Jung Lee and Soo-Han Kwon, Influence of surface treatment of polyimide
film on adhesion enhancement between polyimide and metal films, Bulletin of the Korean
Chemical Society 28.2 (2007): 188-192.
[50]. Z. Xu, B. Liu, Q. Dong, Y. Lei, Li, Y., J. Ren, J. McCutcheon and B. Li, Flat microliter
membrane-based microbial fuel cell as “on-line sticker sensor” for self-supported in situ monitoring
of wastewater shocks, Bioresource technology 197 (2015): 244-251.
[51]. Z. Xu, Y. Liu, I. Williams, Y. Li, F. Qian, H. Zhang, D. Cai, L. Wang and B. Li, Disposable
self-support paper-based multi-anode microbial fuel cell (PMMFC) integrated with power
management system (PMS) as the real time “shock” biosensor for wastewater, Biosensors and
Bioelectronics 85 (2016): 232-239.

81

[52]. S.Y. Lee, H.J. Kim, R. Patel, S.J. Im, J.H. Kim and B.R. Min, Silver nanoparticles
immobilized on thin film composite polyamide membrane: characterization, nanofiltration,
antifouling properties, Polymers for Advanced Technologies 18.7 (2007): 562-568.

82

Chapter 5

5 Flat Thin Mm-sized Soil Moisture Sensor (MSMS) Fabricated
by Gold Compact Discs Etching for Real-time in situ Profiling

In situ, direct soil moisture monitoring suffers from crucial problems including bulky sensor size,
disturbance of soil texture, low accuracy and costly sensors. This study aimed at tackling this
challenge by developing a novel flat thin mm-sized soil moisture sensor (MSMS) using gold
compact discs etching. MSMSs were examined in six soil samples (sand/silt/clay mixtures), with
soil moisture in each varying from zero to saturated. The capacitance and resistance readings of
MSMSs were real-time recorded, and compared with soil moisture derived from conventional
measurement. Both capacitance and resistance were found to correlate linearly with soil moisture,
and the regression slopes were linearly correlated with soil porosity.

This unique relationship

facilitates accurate calculation of soil moisture based on MSMS readings for any given soil texture,
which eliminates the need for tedious calibration of MSMSs in field applications. Four-week
stability tests of MSMS showed the resistance readings did not drift throughout the test period, and
the sensor surface observation indicated anti-scratching capability, demonstrating high stability for
long-term continuous in situ monitoring of soil moisture.
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5.1 Introduction
Limited freshwater resources and deteriorating environmental quality have raised global awareness
for sustainable irrigation technology and spatially distributed drought monitoring. Numerous
applications including erosion studies, drought monitoring and forecast, landslide studies,
ecological and hydrological modeling and prediction [1-2] rely on accurate and stable measurement
of soil moisture. Soil moisture can be ex-situ measured in labs, including removing a soil sample
from the field, drying it for 24 h in an oven at a temperature of 105°C and weighing it before and
after drying [2-5]. However, this traditional measurement has major issues of soil sample disruption
during sample transport and storage, being a non-continuous measurement of soil moisture [3-5],
and being non-representative of genuine soil moisture in field condition. Remote sensing has also
been used for monitoring surface soil moisture [3-5], which utilizes the coincident measurements
of the surface emission and backscatter to estimate the soil moisture [3-5]. However, the detection
depth has been only limited to top soil (depth 5 cm) [4-6] and the frequent and costly maintenance
has been a severe obstacle for accurate soil moisture monitoring along soil depth [3-5].
Compared with ex-situ and remote sensing method, in-situ soil moisture measurement is the most
accurate and reliable method. There are many in-situ soil moisture methods, such as time domain
reflectometry (TDR), capacitive probe, heat flux sensing techniques, neutron probe, amplitude
domain reflectometry, electrical resistivity tomography, ground penetrating radar (GPR) [7-10].
However, these in situ soil moisture sensors (SMS) can only measure the soil moisture at one single
point, and fail to profile the complete picture of water content status along the soil depth.
Furthermore, these bulky sensors (diameter >5 cm, length >20cm) often disturb the original soil
texture and cause measurement errors [11]. Capacitive SMSs have been used for decades [12-16],
and use the content of free water in soil to determine the dielectric constant of a material matrix
[12, 17-18]. But the long distance between two electrodes (10-15 cm) of capacitive SMSs [14, 19]
often times results in fluctuating signals of electrical conductivity and large measurement errors.
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A feasible solution is to develop a small-sized flat SMS that is easily deployable along the soil
depth and is accurate and stable for long-term monitoring. A micro-fabrication method, namely,
photolithography with chemical vapor deposition (termed as PCVD) was developed for fabricating
durable micro-scale moisture sensors [20-22]. But the complicated fabrication process (e.g., high
temperature metal vapor deposition, photomask preparation, photoresist and etching), high
fabrication cost (e.g., expensive photomask and metal deposition), and the stringent requirement
for PCVD sensors (e.g., dust free environment, high clean surface requirement) make PCVD
unsuitable for fabricating soil moisture sensors.
The objective of this study was to develop small sized flat SMS using gold compact discs (CD)
etching approach. Gold CD etching has been used for air quality sensors [1, 20, 23], but has not
been reported for soil moisture sensors. In this study, an efficient, simple and low cost approach-gold CD etching was developed for individually addressable mm-sized SMS (termed as MSMS).
Briefly, commercial gold CD was used as the sensor substrate, on which multiple lines of mmsized electrodes were precisely printed using thermal pressing while carbon powder covers and
protects gold electrodes. Compared with existing SMSs, MSMS possesses distinct advantages
including easy fabrication, mm-sized electrode for enhanced accuracy, durable anti-scratch sensor
surface for long-term monitoring and low cost (<$1/sensor).

By simultaneously profiling soil

moisture along the soil depth and achieve high accuracy of monitoring for long term, MSMS is
expected to fundamentally revolutionize soil moisture monitoring. There were four main tasks in
this study. First, MSMSs were fabricated using gold CD etching approach. Second, two types of
readings (capacitance and resistance) of MSMSs were calibrated using different type of soils
(sand/silt/clay mixtures) at different soil moistures. Linear regression models between MSMS
readings and soil moisture were established. Third, the correlation of the soil porosity and MSMS
readings were determined to seek the feasibility of avoiding tedious re-calibration of soil sensors
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at different types of soil. Finally, the long-term stability of MSMS was examined by putting MSMS
in soil for over 1-month period.

5.2 Materials and methods
5.2.1 MSMS fabrication protocols
The MSMS pattern was developed to enable alternative readings of capacitance and resistance.
Capacitance changes vastly at different soil moisture contents [12, 17-18], since the ratio of the
relative permittivity of water and air in solids is approximately 80:1. Resistivity represents the
extent of the soil resisting the flow of electricity, which is a proxy measurement for moisture
content [18, 24]. Flat thin MSMS (total thickness: 1.2 mm) consisted of interdigitated “fingershaped” electrodes specifically designed for capacitance and resistance sensors [1, 20] (Fig. 5.1a).
There are 3 layers in the MSMS structure from top to bottom: polycarbonate plastic layer, gold
metal layer and the protective carbon ink layer (Fig. 5.1b).

Figure 5.1. A top-view illustration of two interdigitated electrodes (a) and a side-view of the two
electrodes layers (b).
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The graphic design software Silhouette Studio (Silhouette America, Inc.) was used to design the
mask on 1: 1 scale and was then printed onto waxed paper (reverse side of the label, Avery® White
Shipping Labels) using a HP LaserJet. Gold Archive CD-R (total thickness: 1.2 mm, MAM-A Inc.)
with four layers (a rigid polycarbonate, an organic dye, a gold metallic layer and an outer protective
layer) was used as the substrate for MSMS fabrication (Fig. 5.2a). The CD-R was immersed in a
concentrated nitric acid solution (Fisher Scientific Inc.) for 1 minute to remove the protective layer,
and then cut into desired shapes and sizes (5cm×3cm) (Fig. 5.2b). Afterwards, the CD-R was
washed in a clean water solution to remove the residue nitric acid on the surface and dried using
nitrogen gas. A thermal presser (Stahls USA, Maxx Press) was used to transfer the printed patterns
onto the gold CD-R (120 ºC for 110 s) (Fig. 5.2c). Then the contact areas were manually covered
by carbon ink before etching (Fig. 5.2d). The main function of carbon ink (HP LaserJet, C8061X)
was to protect the gold film from scratching and damage in soil due to its excellent etch resistance
to the gold etchant. Later on, the unprotected gold layer was removed by the gold etchant solution
containing 0.1 M potassium thiosulfate, 1 M potassium hydroxide, 0.01 M potassium ferricyanide,
and 0.001 M potassium ferrocyanide (Fisher Scientific Inc.) [25-26] (Fig. 5.2e). Finally, the
electrodes were washed with ethanol and water sequentially to remove the etchant solution, and the
MSMS product were dried using nitrogen gas.
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Figure. 5.2. Steps in the fabrication of gold electrodes from commercial gold CD-Rs (a); Remove
the protective layer of the CD-R and cut into desired shape and size (b); Transfer the electrodes
pattern on wax paper onto the gold surface by applying heat and pressure (c); Use a Sharpie pen to
cover contact pads (d); Remove unprotected gold in etchant solution for 20 minutes (e); and Wash
with ethanol/water to expose square contact pads located on the bottom of electrodes (f).

5.2.2 MSMS calibration in water solution and soil samples
Before being examined in soil samples, MSMS was first tested in different water solutions
(deionized (DI) water, tap water, and phosphorous buffer solution (PBS, 137mM NaCl, 2.7mM
KCl, 4.3 mM Na2HPO4, 1.47 mM KH2PO4) to determine its sensitivity to water conductivity. The
response of the MSMS to the volume of water solutions was examined at room temperature (25°C).
Solution drops were gradually added onto the surface of the MSMS by a pipette tip. The MSMS
capacitance was recorded by connecting the MSMS to a multimeter (MASTECH, MS8268).
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For MSMS test, soil samples were made by mixing pure sand, pure silt (Horsebarn Hill silt,
University of Connecticut) and pure clay (Hartford Glacial Lake clay). Six different sand/silt/clay
compositions were used, 0/0/100%, 0/25/75%, 0/50/50%, 0/75/25%, 0/100/0% and 50/50/0%
represent a broad spectrum of soil types with various particle sizes and water holding capacities.
Each soil sample was mixed well before being placed into an air-tight soil chamber individually
(diameter: 11 cm, height: 88mm) (Nalgene™ Straight Sided Polymethylpentene Jar, United States
Plastic Corp.). Four pieces of MSMSs (size: 2.5cm×6cm) (Fig. 5.3a) were inserted vertically
through the slots that were cut on the sidewall of each container symmetrically (Fig. 5.3b). The
contact pad of each MSMS was the only part exposed outside and connected with external circuit
for data logging.

Figure 5.3. Experimental setup of the MSMS calibration (a: the size of MSMS; b: 4 pieces of
MSMSs inserted across an empty chamber; c: the whole setup during soil moisture tests).
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For each soil sample, the MSMS test was conducted according to the following steps: (1) weigh
the container and the cover only; (2) oven-dry the soil sample for 24 hours at 105 ºC; (3) put the
dried soil into the container, compact the soil by tamper and measure the volume of the soil samples;
(4) weigh the package (container and dry soil mass together) with and without cover, before adding
water; (5) weigh one dry filter paper and then put on the top of soil within the container; (6) add 10
mL-30 mL of DI water evenly on the filter and let stand for 24 hours; (7) measure the capacitance
and resistance of the MSMS; (8) weigh the package with and without cover; (8) weigh the wet
filter, and then dry the filter taken out from the container and weigh the filter after the filter dries;
(9) repeat the process of (6)-(8) until the soil was saturated with water, judged by the presence of
water ponded at the surface; (10) measure the volume of the bulk soil at saturation. The filter paper
was utilized to slow down the infiltration rate and promote uniform wetting of the soil. All the
weights about the container were estimated with and without cover, to compare the evaporation
during the calibration process. Furthermore, 100% silt and 100% clay soil samples were prepared
and then added water gradually from dry to saturation by observing the soil status by adding water.
The water content was given by the following equation (Eqs.5.1-3):
Mwater, n= M total, n-M total, dry+∑𝑛 𝑀𝑠𝑡𝑖𝑐𝑘𝑦 𝑠𝑜𝑖𝑙

(5.1)

Vwater, n= Mwater, n/ρwater

(5.2)

Water content (θ) = Vwater, n/Vbulk

(5.3)

where n was the day of the calibrate process, Msticky soil was the mass loss of the soil which be sticky
on the filter at nth day. Mwater, n was the total mass of the water in the soil at nth day which was equal
to the total mass of the container w/o the cover (M total, n) minus the mass of the container with dry
soil w/o the cover (M total, dry) plus the mass of the loss soil until nth day (∑𝑛 𝑀𝑠𝑡𝑎𝑘𝑒𝑑 𝑠𝑜𝑖𝑙 ) (Eqs.5.1).
The total volume of water in the soil sample at the nth day was equal to the total mass of water in
the soil the nth day over the density of the deionized water (DI water) (Eqs.5.2). ρwater was assumed
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to 1g/mL in this study [27]. The volumetric soil moisture content (θv) was equal to the ratio of the
volume of the water in the soil sample to the bulk water/soil volume (Eqs.5.3). The capacitance and
resistance of each MSMS were recorded before and after adding water using a multimeter
(MASTECH, MS8268) (Fig. 5.3c). The porosity of each soil sample was the volume of the water
added in the soil over the bulk volume upon saturation.

5.2.3 Microscopic observation of MSMS surface during 1-month test period
The long-term stability of MSMSs is critical for soil moisture monitoring. Electrode fouling caused
by microorganisms and organic matters in the soil would cause the change of electrode surface,
leading to affect the monitoring accuracy and signal sensitivity in long-term monitoring. In this
study, the MSMS stability was examined over a 4-week operational period. Multiple pieces of
MSMS were immersed into the two types of soil samples (100% clay and 100% silt) individually.
The resistance of MSMS in the soil samples was measured at room temperature (25 ºC) using a
digital multimeter weekly to elucidate the electrode surface influence. The MSMS surfaces were
observed weekly using a digital microscope (Nikon Labophot) as previously described [28].

5.3 Results and discussion
5.3.1 MSMS calibration based on capacitance reading
The capacitive MSMS determined the soil permittivity by measuring the capacitance and using
the soil as a dielectric. The MSMS was designed as one interdigitated electrodes (IDE), which
directly correlates the capacity with the moisture (Eqs. 5.4) [13-16, 29].
ΔC = α𝞬ε𝑟

(5.4)

Where ΔC was the difference between the capacitance of the MSMS in the tested soil and the dry
soil (0% water moisture). Because the MSMS capacitance in the dry soil is independent with the
soil texture or the soil porosity, the initial MSMS capacitance is only related with the electrode
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characters, caused by the handmade differences. The ΔC that utilized the difference between the
MSMS capacitance in the tested soil and the dry soil would reduce the handmade error. α is the
shape parameter of the MSMS; γ is the fringing scale factor equal to or greater than 1.0; ε r is the
relative permittivity of the soil. Because α and γ of each MSMS were the fixed values after
fabrication, the MSMS capacity was linearly correlated with the soil permittivity (εr) that was
affected by the soil water content (as the soil moisture). Different models have been developed to
describe the relationship between the soil moisture and the soil permittivity [13-16, 29]. The square
root of soil relative permittivity (εr) was proportional to the volumetric water content (V/V, %) in
soil and highly influenced by the soil texture [30-32]. Therefore, the relationship between the
capacitance and the water content (V/V, %) could be described in Eqs. 5.5.
√ΔC = K√α𝞬𝜃

(5.5)

where θ is the water content (V/V, %), K is the parameter which is related to the soil texture. Based
on the model (Eqs.5.5), the capacitance of MSMSs in all six different samples (sand/silt/clay
compositions: 0/0/100%, 0/25/75%, 0/50/50%, 0/75/25%, 0/100/0% and 50/50/0%) increased with
the volumetric water content (V/V %) of the soil (Fig. 4.4a), with high R2 values (>0.85) (Fig.
5.4a). Due to the soil texture difference among soil samples, the slope of the regression line was
different (Fig. 5.4a), demonstrating that with the increasing ratio of the clay in the soil, the slope of
the regression lines decreased (Eqs.5.5). High R2 values indicated that the MSMS has similar
accuracy compared with existing capacitance SMS [13-16, 29]; the small size (mm-sized distance
between electrodes, Fig. 5.1a) of MSMS (compared with 3-10 cm distances of electrodes in existing
SMS (e.g., TDR)) makes it possible to measure the soil moisture of a specific sampling point with
high accuracy and less energy loss.
a.
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b.

Figure 5.4. MSMS calibration curves in the soil samples: the linearity model of the MSMS
capacitance (a)/ the MSMS resistance (b) vs water content (% V/V) in six different samples with
sand/silt/clay compositions (0/0/100%, 0/25/75%, 0/50/50%, 0/75/25%, 0/100/0% and 50/50/0%).

It was interesting to observe that the capacitance of MSMSs in three types of water solutions (DI
water, tap water and PBS solution) increased with the volumetric water, due to more contact area
between water and MSMS sensor surface when water drops were added onto the sensor surface.
The slopes of capacitance regression lines clearly increased with the solution conductivity (lowest
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at DI water and highest at PBS solution), indicating the high sensitivity of capacitance readings
with the ionic contents of water solution, which had been found in previous capacitance soil
moisture sensors [13-16, 29], and required soil calibration specific for water solution types.

5.3.2 MSMS calibration based on resistance reading
MSMS could also provide resistance readings, which determine the soil resistivity by measuring
the resistance and using the soil as a resistor [19, 32]. Dry soil is an insulator to resist the flow of
electricity between the electrodes of SMS [19, 32]. With the increase in soil water content, the
water gradually replaces the air in the soil pore space and thus transferring the soil from an insulator
to a conductor. Therefore, the soil moisture could also be estimated by the resistance of the soil at
a fixed temperature (Eqs. 5.6).
R/R′ = K′𝜃

(5.6)

Where R is the resistance of the soil (which reaches R’ upon saturation), K’ is the parameter related
to the soil texture [19, 32]. Because resistance is an electrical conductor highly affected by
temperature [19, 32], the model (Eqs.5.6) would be applied at a fixed temperature. The resistance
of MSMSs in all six different compositions of sand/silt/clay (0/0/100%, 0/25/75%, 0/50/50%,
0/75/25%, 0/100/0% and 50/50/0%) decreased with the increase in the volumetric water content
(V/V %) of the soil (Fig. 5.4b), with a R2 value of 0.75-- 0.90. There was a linear relation between
the resistance and water content (Fig. 5.4b). In addition, the slopes of the regression lines were
different, with higher ratio of clay in the samples exhibiting lower regression-line slopes (K’). The
resistance readings of MSMS showed similar accuracy (R2>0.75) as the reported resistance
moisture sensors [32]. Because the soil moisture obtained from MSMS resistance was influenced
by the soil texture (K’), the resistance readings of MSMS should be calibrated using extracted soil
in the field application [32]. The linear relationship between the MSMS resistance and soil moisture
was not as strong as the capacitance-soil moisture correlation. The MSMS showed no resistance
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readings before soil moisture reached 20% (V/V) (Fig. 5.4b), meaning that it was not accurate for
soil with low water content. As the resistance reading was highly affected by temperature in real
fields, duel readings (resistance and capacitance) in a single MSMS sensor is advantageous in that
the variation of resistance readings can be used as an in situ auto-check for the sensor surface
property at different temperatures and meanwhile can be correlated with capacitance for accurately
monitoring of soil moisture.

5.3.3 Correlating MSMS calibration models using soil porosity
Soil porosity is an important soil property affecting soil moisture measurement and was
proportional to the regression slopes of capacitance/resistance readings of MSMS at different soil
samples in this study. The soil color got darker with more water being added over time, and water
started to pond at the top when soil became saturated (Fig. S2). Soil porosity was estimated based
on saturation soil moisture [33]. In this study, different water amount saturated in different soil
types, with the 50% sand/50% soil mixture having the lowest porosity (0.38±0.04) and 100% clay
having the highest porosity (0.62±0.03). Both slopes (capacitance regression slopes Eqs. 5.5 and
resistance regression slopes Eqs. 5.6) were influenced by the soil texture. High R2 values (both
>0.85) demonstrated that the regression slopes of MSMS were linearly related with the soil porosity
(Fig. 5.5).
Past efforts tried to relate the regression slopes with the soil textures [12-16, 29], but there was no
clear relation, so that the capacitance SMSs has to be recalibrated after changing the soil moisture
test point. The connection between the soil porosity and the soil moisture has not been systemically
established yet. The linearity between regression slopes and soil porosity (affected by soil texture)
in this study (Fig. 5.5) addresses this problem, which is expected to substantially ease soil moisture
monitoring and calculation. Therefore, the recalibration of MSMS would be avoided. Instead, soil
moisture regression slopes at new sampling sites can be estimated based on soil porosity.
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a.

b.

Figure 5.5. The linearity model of the MSMS models regression slope v.s. soil porosity (a)
capacitance and (b)resistance.

5.3.4 Long-term stability test of MSMS to the soil
The accuracy and stability of SMS is critical for long-term soil moisture monitoring. Electrode
fouling caused by the attachment of inorganic/organic particles in soil has been well known to cause
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the deterioration of sensor performance [34-35]. In the long-term stability tests, MSMSs were
inserted into soil samples for 4-week. There was no significant change for the MSMS surface (Fig.
5.6), and each MSMS showed similar resistance over the 4-week period (Fig. 5.6), indicating a
good long-term stability of MSMS. There were two reasons for this post performance. First, the
working gold layer (the conductivity layer for the MSMS) was protected between the carbon ink
layer (on the top) and the CD substrate layer (the polycarbonate layer, on the bottom) (Fig. 5.1b).
Both layers are efficient bacterial-inert materials to prevent the attachment of inorganic/organic
particles [36-38]. Second, both layers protected the working gold layer by avoiding the direct
contact with the soil and minimizing the scratch damage (Fig. 5.1b).

Figure 5.6. MSMS resistance measured as fouling indicators during 4-week immersion into
saturated soil samples (a:100% clay and b:100% silt). (Insert figures: microscale digital images of
the MSMS before and after immersion into saturated soil samples (a:100% clay and b:100% clay)
before and after 4-week long-term stability test.)
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5.3.5 Significance of MSMS
Accurate and stable measurement of soil moisture with high spatiotemporal resolution is critical
for diverse applications ranging from water savings in irrigation, agricultural cropping to
hydrological monitoring, modeling, and prediction. Compared with existing bulky “single-point”
SMSs, the small-sized flat thin MSMS enables easy deployment, unobtrusive to soil site, and
continuous in situ soil moisture profiling through capacitance and resistance readings. MSMS
readings can be switched between capacitance and the resistance, which enables high accuracy with
self-checking function at different temperatures. The linearity between regression slopes of MSMS
readings and soil porosity is expected to greatly ease the calibration of MSMS at different soil
texture sites. Furthermore, multiple pieces of MSMSs can be aligned as an array and installed in a
hollow pole that can be vertically inserted into the soil at any given site, which will enable
simultaneous monitoring of soil moisture along the soil depth. None of the existing SMSs can
achieve such multiple-depth measurement with a similar level of ease and accuracy.

5.4 Conclusion
Flat thin MSMS fabricated using gold CD-etching was developed in this study to overcome the
problems experienced by existing SMSs for accurate and continuous in situ monitoring. By etching
the precise pattern of mm-sized electrodes on a gold CD and protecting gold electrodes with carbon
powder ink, MSMS possesses distinct advantages: small sensor size, compact structure, easy
fabrication and deployment, minimal disturbance of soil texture, ultralow cost (<$1/sensor), and
long-term stability. Calibration in six types of soil samples clearly showed the high accuracy of
MSMS. Alternate readings of capacitance and resistance at different soil moistures (V/V%)
enhanced MSMS monitoring capability. For the first time, a clear linearity between regression
slopes and soil porosity was obtained. Four-week tests in soil samples showed the sensor surface
of MSMS was intact and the resistance readings did not drift, indicating high stability for long-term
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continuous monitoring. Flat thin small-sized MSMS holds great potential for high-resolution in situ
profiling along the soil depth.
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Chapter 6

6 PhD Research Summary and Future Work

6.1 PhD research summary and future work
By utilizing filter membrane/filter paper as the electrode and biofilm support, and carbon ink as the
electron collector, the flat MFCs (MMFC and PMMFC) reduce the sensor volume to μL, and
maintains the simple compact configuration that can be directly installed on wastewater facilities
as self-sustained “on line sticker sensors”. One-month in situ tests of the MFC sensors in a batchmode chamber showed stable voltage output, good sensitivity to toxic metal shocks, good recovery
from the shocks, and high mechanic strength. MFC sensors are suitable as the pre-screen tool for
the presence or absence of wastewater shocks, not for contaminant concentration measurement (e.g.
COD and metals) nor drinking water monitoring.

Future work 1: MFC shock sensor optimization. The configuration of flat MMFC and PMFC
should be enhanced fo its long-term monitoring performance. First, the anode material (membrane
and filter paper) tested lasted for 2 months and showed a good mechanic strength. For long-term
monitoring in wastewater (e.g. months and years), advanced material with high mechanic strength
and electronic activity, nanoporous graphene membrane should be developed. Nevertheless, the
super low cost and the compact structure of MFCs make the routine replacement possible. Second,
the carbon ink layer could be automatically coated using a printer rather than manually coating,
which will generate an evenly-distributed carbon layer, reduce Rin and energy loss, and ultimately
achieve high sensitivity and accuracy for various shocks. Third, a quantitative correlation of power
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output and shock concentrations/types should be developed for MFC biosensors to validate the
capability of real-time screening of shocks in wastewater.

Future work 2: MEA-based citizen science assessment of the distribution systems and the enduser points. The flat flexible thin MEA sensors have a great potential as a low-cost easy-to-use
device for citizen science assessment of the entire distribution systems and end-user points, through
which a complete data network of water quality can be obtained in real-time mode to minimize the
occurrence of water quality violation and water borne disease and ultimately achieve the feedback
close-loop monitoring and control of water treatment plants from a whole map of end-user locations
in real time mode (Fig. 6.1). High-fidelity MEA data points could be correlated with mass transfer
models to predict the fate of specific species (e.g. heavy metal, disinfectants) in distribution
systems. Furthermore, collaborative research with societal science experts should be conducted to
evaluate the willingness of end-users for rea-time monitoring of water quality.

Future work 3. Development of solid-state ion-selective membrane (ISM) MEA. My MEA
research has demonstrated the advantages of electrochemical-modified MEAs for monitoring of
general water quality parameters. However, electrochemical-modified MEAs have one weakness:
detection limit might not be high enough for required regulation (e.g. ppb level). Some chemicals
in water, such as NO3-, NH4+, PO3- can’t be sensitively measured using electrochemical sensors.
Future works should be conducted to modify MEA surface using ion-selective membrane to
enhance its detection limit. For instance, free chlorine, which can be calculated by the ClOconcentration by has been widely used in water treatment plants, but exposure to over-chlorination
(residual Cl> 4ppm) can provoke asthma, lung irritation, and potentially skin and eye irritation.
Due to size and cost limitation to the current commercial free chlorine sensor, it is difficult to install
sensors on the general end-users. The preliminary results (Fig. 6.2) showed that the peak values on
the CV curve increased with the ClO- concentration, indicating that the ClO- MEA has good
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sensitivity to the ClO-. The distinguish advantages of the ClO- MEA include easy fabrication
process, low fabrication cost, flexible substrate, and small size, which realizes the real-time in situ
monitoring ClO- concentration. The nutrient ions (NO3-, NH4+ and PO3-) all are important and
critical to the WWTP operation, which would influence operation cost and efficiency, and even
effluent quality, leading to influence local environment (Fig. 6.3). The state of the art about microscale sized sensors showed good sensitivity, and good potential to overcome the problems of
current commercial sensors, including the probe size and low sensitivity. However, most of them
are based on the liquid ion-selective membrane, which can only last several days, indicating the
poor stability. Our idea is to mix the ion-selective membrane with the polyvinyl chloride (PVC).
Small amount of PVC would solidify and stabilize the ion-selective membrane and keep the
character of the ion-selective membrane. The preliminary results showed ion-selective membranes
mixing with PVC still have a good stability immersing into water for 24 hours (Fig. 6.4). Further
work about the character of ion-selective membranes on the MEA to nutrient would be studied. In
addition, field test in the water/ wastewater treatment plant would be the last step before the
practical application. The stability of the whole MEAs system should be further improved. The
MEA system would be installed in the wastewater/water treatment plant or the sampling point. As
a small-sized sensor, it is necessary to fabricate one clip to hold MEAs for convenient installation.
More importantly, MEA sensors require the electric power and product the electric signal. The
whole MEA except the sensor node part should be water-proofed, in case of electric short circuit,
leading to influence the safety and accuracy of MEAs.
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Figure 6.1. Diagram of MEA-based citizen science assessment of the entire distribution systems
and the end-user points.

Fig. 6.2. Cyclic voltammetry (CV) curves for the ClO- MEA sensor.
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Figure 6.3. MEA design for the NO3-, NH4+ and PO4- detection by solid-state ion selective
membrane (solid-state ISM).

Figure 6.4. PVC membrane preliminary experiment (a) in air (b) immersing in water for 24 hours.

Future work 4. Development of a deployable MEA kit for field works. In the lab work, the
multimeter connecting the MSMS is by the sharp test clip, which poses two main problems for the
field test. First, the sharp test clip would scratch the surface and cause the unstable signal due to
the extremely small contact area. Second, the micro-displacement of the connecting tip would
influence the whole structure of the MEA as the resistance/ the capacitance for long-term
monitoring. Therefore, it is necessary to develop stable holder (Fig. 6.5) which increased the
connecting contact area, leading to increase the signal stability of MSMS.
Future work 5. Adjust the MSMS calibration model between regression slopes and soil porosity
with conductivity. One major challenge of applying MSMS in soil is the requirement of re106

calibration at different types of soil and water content. It is critical to derive a general model of
MSMS capacitance readings under different soil status. My preliminary lab works have shown
different amount of solution dropping on the MSMS in air would cause the increase of the
capacitance (Fig. 6.6). The regression slopes would increase with the conductivity of the solution
(Fig. 6.6). Future work would be conducted under different run-off solutions (e.g. nitrogen,
phosphate, sulfate) and different conductivities to test the MSMS capacitance readings, which
could elucidate the trend of the MSMS calibration slopes. If the model between MSMS calibration
curves and conductivities of the run-off/ soil texture is build, the MSMS would solve the tedious
re-calibration issue.
Future work 6. Soil moisture data network using MSMS at multiple locations. MSMS reading is
not only limited to soil moisture, it can be used as the high-resolution dataset for smart irrigation
to save water usage and fertilizer usage, and thus protecting water resource and minimizing the
occurrence of eutrophication. In this future work, multiple pieces of MSMSs integration, alignment
and installation will be conducted at UConn farm, which will build a data network to real-time
collect the soil moisture data along soil depth. This finding will provide the intelligent decisionmaking methodology for irrigation and fertilizer usage. For large-scale application, the data
obtained MSMS networks could facilitate the satellite profiling the soil moisture, leading to build
the smart irrigation, drought monitoring and even early warning systems (Fig. 6.7). Finally, the
collaboration with societal science experts will be pursued to assess the incentive of stakeholders
(e.g. farmers, gardeners) to use portable MSMSs to save water and fertilizer and enhance
productivity.
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Figure 6.5 3-D structure of the MSMS holder.

Figure 6.6. MSMS calibration curves with different solutions: the linearity model of the MSMS
capacitance vs water content (V) in the 3 different soil samples (DI water, tap water and PBS
solution).
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Figure 6.7. MSMS correct the soil moisture data obtained by the satellite.
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